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ANNOTATION

Questions of theory and practice in design of space tele-
vision systems are examined. On the basis of information
theory, a theory of a space television system is developed.
Method of calculation of the principal television parameters
is reported. Prospects of solution of television problems
are discussed: increasing transmission distance, increasing
sensitivity and resolving power of systems. A description of
modern apace television systems is given.

The book is intended for scientific and engineering-
technical workers, occupied with creation and operation of
television system_, as well as for students and graduate
students in the appropriate specialties.
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ABOUT THE AUTHORS

The authors set themselves the task of reporting the speci-
fics of space television, in the theoretical and engineerlnE
aspects, In writing the book, the nuthors were guided by the
desire to assist space television system designers in discussing
complicated questions of optimization of a television set and its
"heart," the onboard apparatus.

The book is intended for readers familiar with the path of
television [1,23. Familiarity of the reader also is assumed
with the general problems of communications theory, for example,
according to textbook [3]. In setting forth the foundations of
the theory of optimum reception and information theory, the
authors extensively use the premises in the basic works of the
V. A. Kotel'nikov, A. N. Kolmogorov, K.Shannon and N. Vlner [4-7].

A definition of space television is given in Chap. 1 and one
of the most advisable versions of classification of space tele-
vision systems is presented. Possible field, of use of tele-
vision in space research are pointed out. The basic qualitative
television characteristics and the specifics of planning a space
television system are discussed.

The results of development of television theory, based on
the theory of optimum reception and information theory are re-
ported in Chap. 2, in t_e interests of formalization of the proc-
ess of planning optimum space television systems. New results,
concerning solution of the problem of digitization of
continuous communications, may be of interest beyond the frame-
work of television. A television camera is considered as a device,
the planning of which must be carried out on the basis of theory
of the optimum receiver of continuous information.

The fundam_%tals of the slow-scgn method of image trans-
mission are reported in Chap. 3; this permits, on the contemporary _
engineering level, solution of the problem of compression of the
video frequency band (increasing the distance of television trans-
mission) and increasing light sensitivity and resolving power of
the system. The results of achievements in this major area ,I
space television technology are presented.

A brief description of a space television system, predominantly
domestic, is presented in Chaps. 4 and 5, as illustrations of the
positions developed in the book.

Original material contained in the book is based on articles
of the authors published in various publications.

Chapter i, except for section 1.5, sections 3.1, 4.2 and 4.3,
were written by I. A. Rosselevich_ Chapter 2, sections 3.2, 3.3,
3.5 and 3.6, by L. I. Khromov; sections 4.1 and 4.4 and Chapter 5,
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FOREWORD

Fifteen years have passed since the historical event, the
launching of the first artificial earth satellite in our country.
The past years have been years of formation and vigorous devel-
opment of space technology, which proved to be a revolutionizing
influence on all the principal branches of industry. The buildlnE
of spacecraft returnable to earth and nonreturnable, the crea-
$1on of manned spacecraft required development of complicated radio
ensineerlnE sets, providing for control of spacecraft and their
functioninE. One of the highest achievements of'domestic space
radloelectronics is space television. Under 8round conditions,
in the conduct of scientific radar research, owing to its all-
weather nature, and photography, owing to high definition of
photos, successfully compete with television. Transfer of a
scientific experiment to space makes television means dominant.
This is particularly graphically clear in the example of moon and
planetary studies, by means of nonreturnable spacecraft, when
photography is inapplicable and television is the only accessible
method of observation of space objects in the form of images.
Therefore, it is not surprising that, two years all told after the
first artificial earth satellite, the L_a-3 Spacecraft was
launched_ its primary function consisted of using slow-
scan television to obtain television photos of the back side of
the moon. At the present time, slow-scan television systems
have become a major portion of many spacecraft intended for
study of the moon and the planets.

Equipping manned spacecraft with television has developed no
less intensively. In the performance of official functions in
spacecraft, television technology is not limited to video monitor-
ing of the astronauts, which _redominated in the first stage of
development of space television. A television system is more
extensively included directly in the command circuits of space-
craft, providing for their orientation and transmission of video-
telemetric data.

Slowscan television was the most efficient means of observa-
tion of cloud cover and the surface of the earth in the interests
of meteorology. Perfection of these systems permits more exten-
sive monitoring functions to be carried out on the natural re-
sources of the earth, in the interests of the entire national
economy.

Small-size onboard equipment, severe operating conditions, in
combination with requirements for high reliability, have stimulated
development of space television technology as a specific branch
of television. However, space research has given birth to, not only
technological and design specifics of space television systems, in
contrast with television broadcast systems. A considerable group
of problems in space research would have been solved in a nonopti-
mum manner or generally could not have been solved, within the

v
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framework of the standard broad¢_ast television GOST ! 78_5-55, be-
cause of its nonconformity with the characteristics of the objects
observed and the transmission distance. The selection of tele-
vision parameters of a planned system, in conformance with the
characteristics of the object observed, illumination conditions
and distance of comm.'_nicatlons,are specific for _]_,w-_u_:lu apace
television.

The requirements of space research cannot be satisfied without
solution of the basic problems of space television: the problems
of sharp increase in television transmission distance an_ the prob-
lems of achieving maximum light sensitivity. These problems, in
comblnat_on with the high cost of each bit of television data from
space, served as a powerful stimulus, not only towards perfection
of the equipment fabrication technology, but towards creation of
a theory, providing space television system planners with a method
of synthesis of an optimum system. Development of this theory
turned out to be possible, thanks to drawing on the theory of opti-
mum reception of V. A. Kotel'nikov and information theory, developed
for the case of continuous signals, of A. N. Kolmogorov. In this
theory, the onboard television camera is considered as an optimum
receiver of the images of space objects in the optical wavelength
range. This approach permits, not only optimization of the television
system, but it has the necessary generality for complexing the on-
board television devices with other radioelectronic sensors and,
mainly, with the radar system. The television and radar equipment
emerge as a single system for collection of videoinformation in
various electromagnetic wavelength ranges aboard spacecraft.

The first edition of this book came out eight years after
the launch of the first space television system and, speaking
figuratively, it consequently was written "hot on its heels."
The book secure_ the domestic priority in development of space
television, aria _ had a deserved success. In the second ,_dltion,
the authors have preserved the structure of the book and the sub-
Ject matter of the chapters, but they have supplemented it signifi-
cantly with new material, previously reported only in the Journals.

V. Nemtsov

*[GOST--All-Union State Standard.]
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SPACE TELEVISION (QUESTIONS OF THEORY AND PRACTICE OF SPACE
TELEVISION _Y_TEM DESIGN)

P. ?. Bratslavets, I. A. Rosselivlch and L. I. Khromov

1. TELEVISION RESOURCES FOR SPACE RESEARCH

i,i Deflnltlon_ Fields of Use and Clgsslflcatlons
Ol_Space Television S_stbms

The basic principles of a space television system were set
forth during creation of the basis of radiotelevlslon technology.
The works of Soviet scientists, A. P. Konstantlnov, P. V. Shmakov,
P. V. T_mofeyev, S. I. Eatayev, O. V. Brands and others, facilitated
formation of the basis of modern television. For development of
space television, the work of the prominent Soviet scientists, S. I.
Katayev and P. V. Shmakov, in the field of television played a
large part. S. I. Katayev, as early as 1934, introduced the idea
of transmission of television images by means of a narrow band
of frequencies, which was the basis for small-frame space television
systems. P. V. Shmakov proposed a method of retransmlsslon of tele-
vision broadcast signals, by means of aircraft and artificial earth
satellites, which was practically embodied in the creation of the
domestic Molnlya type satellites. The large association of Soviet
scientists and specialists, the work of whom was crowned by suc-
cesses in the fleld of space television, acknowledged over all the
world, must be given their due. The 4 October 1959 launch in the
USSR, exactly two years after the launch of the first artificial
earth satellite in the world, of the Luna-3 spacecraft, with small-
frame television equipment aboard, for photography of the back side
of the moon, was reckoned to be the start of space television. 1960
was the year of the birth of space television. The first direct
transmission from space on the USSR and Europe broadcasting networks
in the world was accomplished in 1962. Millions of television view-
ers could observe the transmission of images of the Soviet astro-
nauts A. G. Nikolayev and P, R. Popovich and th_ working situation
around them from aboard a spacecraft.

At the present time, the use of space television has extended
its boundaries considerably. Wlth the use of automatic equipment,
the program of research on space, the moon, and the planets of the
solar system is being successfully performed, and television /_
images of Mars and its satellites have been obtained.

The launch of the Luna-16 and Luna-17 _pacecraft opened a new
stage in lunar research. The Luna-16 spacecraft (and the Luna-20 _
spacecraft, similar to it), equipped with two panoramic cameras
with a 500 mm stereobase, guaranteed the delivery of lunar soil
to the earth. The Luna-17 spacecraft delivered the first mobile
laboratory, Lunakhod-l, to the surface of the moon; it was equipped
with two optical-mechanical, vertical survey television cameras,
two optlcal-mechanlcal horizontal survey television cameras and two
electronic cameras, i

!/
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In the near future, television will permit dlsc!oeure o_ the
secrets of such planets as Venus, to the dense atmosphere of whloh
the most powerful telescopes on earth yield.

Meteorological earth satellites (A_) have disclosed new poe-
sibilltles for meteorological forecasting, and space r_,]ay_ ht_v(.
ha increased the area of televlelon broadcasting by many thousands
of kilometers.

Space television is a branch of radioenglneerlng, occupied with
the creation of facilities for receiving optical images and trans-
mission of the vldeolnformation perceived from a spacecraft o_ other
space objects.

Videolnformation can be for scientific purposes or be used for
the purposes of servicing AES. Other branches of technology are con-
earned with receipt and transmission of images: photography and
radar, which also are used in mastering space. Television differs
from photography, mainly by the method of delivering information to
the receiver. Thus, obtaining pho_ographs of the lunar surface be-
came possible after creation of spacecraft which could return to
earth. Photography systems cannot generally be used for study of
space by means of spacecraft not returnable to earth, or compete
with television systems in operational importance of the data.
Radar _ystems receive images of objects, which are irradiated with
electromagnetic waves in the radio range. This guarantees all-
weather capability of radar observation, in distinction from tele-
vision, and obtaining images of an object beln_ observed, including
information on distance. Observation of space objects, the moon
for example, is not bound to meteorological conditions, while the
image definition acquires paramount importance. Therefore, the use
television in spacecraft also does not compete with radar.

Questions of the advisability of creation of spa_e television
systems were discussed before the launch of AES. The large masses,
dimensions and energy consumption of television trans,zittlng equip-
ment known at that time constrasted sharply with the proposed /i0
resources of AES. Methods of transmission of a wlde-band signal
over superlong distance_ were not known.

The basic fleldsof use of television equipment were planned
in the initial stage:

- Obtaining hlgh-quallty images of space objects (primarily
of the Moon, Mars, and Venus), by means of nonreturnable spacecraft;

- Televielon communications between a spacecraft and earth,
for the purpose of observation of the state of the astronaut and
the craft;

- Transmission of images of the astronauts and demonstration
of their work and surrounding situation directly from space to the

television broadcasting network, i

2
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The speclflos of a space television system are the diversity
of problems solved by means of themD IncreaJe in data transmission
dlstanoe, the unique valu_ of the transmitted vldeodata, requiring
high quality of the transmitted image and maximum equipment rella-
bi21ty, the development of nonoperator equipment with minimum dlmen-
alone and power eonsumptlon, capable of operatln_ under conditions
of radiation, solar heat, the co2d of space, etc. All this requlre_
special methods of calculation and plannin_ o_ sp_ce television Rys-
tams. 2t Is advleable to divide the B_stems b_ their fields of une
and to classify them by various technical characteristics.

Space television systems and equipment can be divided by fields
of use into:

- Space vldeocommunicatlons television systems (space tele-
vision);

- Television systems for scientific research on space objects;

- Television s_stems for observation of earth and its cloudcover (meteorological),

- Uideotelemetry systems, intended for videomonltorlng of
the functioning of spacecraft systems;

- Spacecraft control television systems;

- Space television relays.

Simplex and duplex television communication systems are among
the space vldeocommunlcatlons television systems (space television);
they are used for transfer of television information, both between
spacecraft and between a spacecraft and earth, as well as between
spacecraft and stations on the planets. The basic purpose of the
space television system Is transmission of information from person
to person.

In distinction from them, television systems for scientific
research contemplate collection and transmission of television
information fro_ regions of space, by means of carriers, on which
it is impossible or inadvisable for man to stay. Such equipment / Ii
should operate for a long time. At the present time, the tasks
of space television equipment for meteorological purposes are being
expanded sharply. It Is being used for investigation of earth re-
sources, determination of the state of the water surface, snow forma-
tion, etc. For AES television apparatus intended for observation of
earth and its cloud cover, considerably smaller radiocommunications _,
distances are characteristic than the distances to objects located
in deep space (Mars, Venus, etc.). This allows wide-band systems,
i.e., It makes possible the transmission of a large amount of data
per unit time.

3
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Vldeotelemetry systems can be _ioBed or open. These syetemB
are Inst_11_d In spacecraft located at _ny dlstanoe from the sround
reueivlnz apparatus. VideamonltorinE in sp_oe systems has become of
paramount importance. Not only ground solentlflo-teehn_cal personnel,
but astronauts, use It. Television system_ for spacecraft control
perform the function of automatlo loeatlon determination, maneuverlng
and landln_.

Space television relt,_ are used for increaslng the dls-
tahoe in space-earth transmission, i.e., for brlngln_ into beln_
space-space-earth television reil:_ chains and for expansion
of the communications zone of Eround stations, for the purpose of
earth-space-earth reil:_y,

Subsequent development of space television has required the appll-
cation of television broadcastlng transmission systems of the type
developed for the Soviet Molniya-i AES, as well as creation of tele-
vision relays for "official" television, for example, from one AES

: to another to earth, a planet or a third AES.

The division of space television systems mentioned above, by
fields of use, has been enlarged. An especially large quantity of
various types of television equipment can be specified for scientific
research objects in space.._ut, wh$1e such television systems as
videocommunicatlon5 are easlly unlrlea, since one standard scan is
used for them, for other areas, in particular, for the area of scl-
entlflc research television systems, it is difficult to do this.

As an example, we examine the range of light, contrast and
dimensional characteristics of one of the space objects which has
been studied, the moon. The luminance of the moon durlng orthogonal
i11umlnatlon of it by the sun reaches 135,000 lux. In proportion to
decrease of the angle of the sun eboys thesurface of the moon, this
luminance decreases, ar.d it amounts to 0.75 lux durlng illumination
by light reflected from the earth. Such a tremendous ranEe of lumi-
nance, naturally, either requires development of different equipment
for study of the moon in various luminance regions, or it places
special requirements on the planned equipment. The same tremendous
range exists in contrast values. The small range of coefficients
of reflection (from 0.2 to 0.07) leads to the situation that the
contrast of a lunar image durin£ "direct" illumination amounts to
0.01 in all. At small sun angles ("lateral" illumination), because
of the absence of an atmosphere on the moon, sharp shadows appear,
which increase th_ contrast practically to unity. The first moon
flyarounds were accomplished at distances providing for resolution
of details tens and hundreds of meters in size. Upon landing of a
spacecraft on the moon, one of the principal tasks was determina-
tion of the structure of the lunar surface, for which a resolution
of details down to millimeters in size was required of the tele-
vision equipment. The same broad range of luminance, contrast ana
the necessary detail exists in carrying out astrophysical research,
study of the cloud cover and surface of the earth and of other

4
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object., Even with development of tolevlslon equipment for ino_._l-
l_tion within _. spacecraft, it inust 5o takBn into account that the
illumination within the ()raft ohanEes .hsrply under srtlf_olal _l]_i-
minatlon and upon entry of the dlreet rays of the sun into the i_.IL_-
mlnator (fronl tens to ten. of thousands of lux).

It must be noted tha% the diversity of characterletlc, of
objects transmitted, as well as the radlocommunioatlons conditions,
frequently place contradlctory requirements on telev,._ion equipment.
Thus, in study of the surface of a planet wide coverage of the sur-
face wlth hIZh detail, transm_sslon of low-contrast objects with a
wide range of contrant, a high rate of acoumulatlon of data with low
transmission rate of thls information, because of the narrow fre-
quency band of the communciatlons channel, superhlgh sensitivity
with a high slgnal-noise ratio, etc., must be combined. Thls creates
speclflcations for development of television systems, without taklng
account of which, it is impossible to develop the optimum version of
the equipment.

At the present time, there is no standard classlflc_tlou .'f
television systems in general and of space televi_ior _,-SyS',.(, _.,;
particular. In the general course on Te,._vislo_ L.],
tLe following classification of television syse_ml h;, their q"eli-
tative characteristics was proposed:

- Black-whlte (monochromatic) television systems,

- Color television systems,

- Three-dimensional (stereoscopic) television system_,

- Color stereo television systems.

The basis for this classification is the most radical qualita-
tive differences of possible versions of data transmission.

For a simpler solution of the problems of creating space tele-
vision system equipment, it is advisable to classify them into /13.
groups with a narrower cross section, each of which has its singu-
larities and, consequently, differences in calculations and planning.
According to technical characteristics of the principal devices,
space television systems can be divided into the following groups:

i) By type of scanning: mechanical, electronic;

2) By type of storage device_ systems with electrical
filters, systems with electronic film storage devices, systems with
photographic film (photo television);

3) BF storage device structure: systems with single-
element storage device, systems with line storage, systems with
frame storage;

5
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4) B_ time processes of vldeoinformatlon conversion:
systems with simultaneous storage and readout processes, systems
with separate storage and readout processes;

5) By light condltionsz systems with artificial blas
lighting, systems without artificial bias lighting;

6) By vldeosi_nal spectrum wldth: wlde-bend, narrow-
band;

7) By type of communlcatlons lines: open (with radio
links), closed (without radio liras).

As an example, the classlflclation of modern space television
systems by the characteristics mentioned is given in Table i.I.

Let us briefly characterize these groups of systems.

Systems, in which t,,ansmlssion and _cceivlng image scanning
is accomplished by means of mechanical devices, are called mechani-
cal television systems. By virtue of the re_pon_eofmechanlcal
devices, this scanning is fundamentally low-speed; however, for
many television systems, its speed is completely acceptable.

Systems, in which image scan_ing is accomplished, as a rule,
by means of a scanning electron beam (scanning can be accomplished
with a light beam and the like), are called electronic television
systems.

_n systems with an electrical filter, the role of which usually
is performed by the video preamplifier, the simplest form of "storage"
is accomplished, electrical signal filtration. Such systems, after
transformation of light energy into electrical, by means of a photo-
cell, photomultiplier (PM) or dissector, store the energy during a
time interval, which is determined by the filter (video amplifier)
response. This permits noise of the light-sensitive receiver (photo-
cell, PM, dissector) to be filtered out of the videoslgnal.

All television systems, using a vidicon, cuperorthlcon and
superlconoscopetelevision camera tubes, are systems wlth
electronic film storage. A thin film, installed in a vacuum,
serves as the storage device (see section 1.3).

The "charged" image, stored on film, is scanned by an electron /16
beam. The electrical signals formedln this case are amplified,
additional synchronization signals are mixed with them and the total

i television signal is delivered from the output (linear) amplifier,
either to the transmitter modulator, to a cable transmission llne

i or directly to a monitor. Electronic systems transmit videoinforma-
I tion from the information source to the user, with a minimum time
: lOSS.

6
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Systems which use photographic film as the light image energy
storage device belong to the photo television systems. Thls stor-
age device, in distinction from transmitter tubes, does not require
a vacuum, which permits preparation of photographic film with a
large area and construction of the corresponding photoelectric equip-
ment. This makes it possible to increase the coverage of the
surface being photographed, since readout from photographic film can
be accomplished by individual sectlon_, depcndlng on the capabili-
ties of the television readout device. An inherent part of such
systems is a hlgh-speed film developer. The developed, fixed and
dried film is delivered to the readout device, in which, by means
of a mechanical or electronic "traveling beam" device, the light
flux passing through the film is converted into electrical signals
(see section 4.1).

Systems with single-element storage include systems, in which
the light energy of only one element of the image is sensed and
stored, and converted into an electrical signal. A dissector,
photocell or photomultlplier (PM) is used as the light receiver.
In television systems with slngle-element storage, an electrical fil-
ter usually is used as the storage duvice. Such systems are called
systems "without storage" or "instantaneous" systems. However, they
can also be storage systems, since storage (filtration) is obligatory
for separation of the vldeoslgnal from the noise, and the "instant-
aneuus" action of the system is determined by the time constant of
the filter (video amplifier) which can reach high values (see section
1.2). In this case, it should be kept in mind that the _ime constant
should correspond to the scanning parameters selected, since, other-
wise, because of noncorrespondence of the frequency bands to the pulse
duration, the signal-noise ratio deteriorates. By type of scanning,
this group is either an electronic system, in the event a dissector
is used, or mechanical, if a PM is used as the light-sensitlve re-
ceiver. A slngle-element system with PM and electrical filter should
have mechanical scanning in two directions (by line and by frame),
for standardization of the two-dimenMonal image. Single-element sys-
tems have high-light sensitivity, only in transmission of the images /17
of practically stationary objects. With development of laser tech-
nology, more favorable conditions are being created for their devel-
opment and use. This is all the more desirable, in that high quali-
tative characteristics can be obtained, in combination with optico-
mechanical scanning and with small equipment mass and dimensions.
Moreover, these systems are advisable for the conduct of photometric
research in different sections of the radiation spectrum.

Systems wltb line storage have a storage device structure, which
permits storage of the light energy of only a portion of the image,
a llne. In engineering practice, these systems frequently are called
slngle-line. Single-line television cameras are analogous to slit
cameras. In both cases, to form a two-dimensional image, forward
motion of the camera relative to the system being observed is neces-
sary. Transmitting electron-beam tubes, having two-dimensional film
storage devices, can also be used in single-line cameras. In such
systems, by means of conversion of the image format using fiber
optics, the viewing angle of a television system can be enlarged
significantly.

7
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The use of film storage devices.in television systems permitsstorage of the light energy of a two dimensional image (frame).
Simultaneous storage of all section_ of a two-dimensional image
permits either the highest light sensitivity to be achieved in ob-
taining television images of rapidly-movlng objects or, at the same
light sensitivity, reduction in the requirements for stabilization
of the cnboard television camera, compared with those for single-
element or single-line systems. All modern television broadcasting
systems, as well as the majority of slow-_can systems, are in this
class.

For broadcast television electronic systems (except the telekino
system), simultaneous processes of image storage and readout are char-
acteristic. In these systems, the light-sensitive layer of the elec-
tron beam transmitting tube is exposed, simultaneously with switching
of the tube storage target by the electron readout beam.

_n systems with separated storage and readout processes, expo-
sure of the light-sensitive layer is accomplished initially and, then,
readout of the stored image from the memory. This mode of operation
is inherent in photo television and slow-scan systems.

Television systems with artificial bias lighting contain a spe-
cial source of radiation. Artificial bias lighting of the object
being studied by the radiation source is a means of improving the
reflected light conditions of this object. Of course, it is impos-
sible to create bias lighting from great distances with the usual
radiation sources. However, the perfection of lasers obviously /18
allows the possibility of engineering accomplishment of such bias
lighting.

In space television practice, the terms "narrow-band" or "wide-
band" television systems are widely used, depending on the video
signal spectrum width. Drawing the boundary between narrow-band
and wide-band systems can only be done arbitrarily. Usually, narrow-
band systems include systems with a videosignal spectrum width in the
range from 0.i kHz to 0.i MHz. Systems w_th a videosignal spectrum
width greater than 0.i MHz are cal_d wide-band. All the modern
space television systems enumerated in Table i.i are systems which
use radiocommunications. However, in spacecraft and manned space-
craft, closed circuit television systems, without transmission into
space, are used. Such systems assist a man in controlling the space-
craft in space.

Although today, there still is not a clearly distinguished classifi-
cation of the technical criteria which characterize space tele-
vision system apparatus by color or spectrozonal nature, by the use
of various stereoscopic methods, as well as by broadening of the
frequency spectrum received by television equipment, such apparatus
is finding more and more extensive use at the present time in space
television systems which have been created.

i0
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It is well-known that monochromatic black-white television
s_steme do not transmit all the information on the objects. In
this case, a poPtion of the informationj sometimes of unique impor-
tance for space research, is lost. BM comparing a three-dlmensional
object and its flat image, deficiencies of the flat image can be
found:

- Details located at different distances have different
degrees of defocuslnz and, from this, different resolution;

- A number of parts are lost in a flat record, masked by
the nearest details.

Television systems capable of transmitting information as to
volume, i.e., various stereoscopic systems, are necessary for full-
value image transmission. One of the most promising systems among
them is the holographic system.

It must be noted here that, if some information can be disre-
garded in transmission of accustomed "terrestrial" objects, since
our visual memory reproduces the accustomed information, this is not
so under space conditions. Color bears a large amount of additional
information within itself.

However, any increase in information entails a requirement tc
increase the throughput capability of a radio television channel,
also leads to an increase in mass, dimensions, energy consumption,
etc., of the entire AES television system.

Therefore, despite the tremendous importance of transmission /19
of exhaustive information on an object, there must be a compromise
between the desired amount of information transmitted and the capa-
bilities of the AES. In particular, one possible version of such
a compromise is the use of spectrozonal transmission methods, as well
as the use of apparatus with different spectral characteristics. The
entire optical range is used in the practical application of space
television.

Space color television systems (SCTS) can provislonally be di-
vided into three basic groups, by fields of use, principles of con-
struction and methods of siKnal formation:

- SCTS for transmission of television information on a
rapidly-changing situation, i.e., of objects having a high speed
with respect to the television observer;

- SCTS for transmission of television information on objects
havinE a low speed with respect to the television observer;

- Photo television type SCTS.

Data on some of these systems are presented in Chap. 5.
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As is evident from the classification introduced above, a divi-
sion of apparatus into r_ul_r and s]nw-_an systems has found
no place in it.

As early as the 1930's, S. I. Katayev, in his work, proposed
decreasing the frequency band, by means of increasing the frame
period to 3-5 sac. This was reckoned to be the origin of the _ow-
_can or narrow-band area in television.

We are attemptinz to determine a characteristic, by which one
system or another can be considered to be _'_DJ]ar _' _low-_can
Absolute values of the frame frequencies or spectrum width of
frequencies transmitted, clearly cannot be an indication of dif-
ference in the systems, since, for example, for observation of some
industrial processes using stroboscopic effects, frame frequencies
measured in hundreds of hertz and regular multi-frame systems for
these purposes cannot be defined as multiframe. It is evident that
it is most nearly correct to take the rate of change in the informa-
tion transmitted as a basis, and, with respect to it, to evaluate
the properties of the television system, its "time" resolution.
In this case, the following definition can be proposed.

If several neighboring frames contain a considerable percent-
age of identical, repetitive information, determining the basic
semantic content of the frame, this is a regular system and,
if it does not contain this, a slow-scan one. Slow-scan
systems, in which new information is transmitted in each frame,
are the most interesting, typical and useful. One of the charac-
teristic indications of being rogular or slow-scan systems
is the simultaneity or separateness of the storage and readout proc-
esses (see Chap. 3).

1.2 Standard Structural Diagram of Space Television / 20
S_stems and Possible Varieties Of Them

Before proceeding to description of the structural diagram of
the set of devices of the television system, we must dwell briefly
on the general structural scheme of the scientific part of radio-
engineering equipment of the majority of spacecraft containing tele-
vision equipment.

All elements of the scientific portion of the radloengineering
equipment of the AES can provisionally be divided into five groups
(_Ig. l.l).

The first group includes the onboard portion of the radio tele-
vision system itself. Regardless of the purpose and composition,
the task of space television equipment, llke any other television sys-
tem, comes down to transformation of light energy into electricity,
amplification of the signals received, mixing synchronization signals
and other auxiliary signals with them and transmission of the com-
plete television signal to either a radio transmitter, a memory device
or a local videomonitor.

12.
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Fig. 1.1. Structural diagram of AES radio-
e_gineering equipment.

The second group of elements provides for orientation of the
carrier in space and time. Orientation sensors determine the posi-

: tlon of the local vertical and the direction of the movement of
the carrier. The stabilization system provides for spatial orienta-
tion of the television light signal converter.

The orientation and stabilization systems can be roughly divided
into two parts: The first of them determines the position of the satel-
lite with respect to some reference point, for example, the earth,
stars or sun. The second part of these systems directly controls the
position of the satellite in space. Special clocks make it possible
to determine the time of receipt of information, for the purpose of
tying this information in to the geographic coordinates.

At the present time, television equipment is being used more
and more in orientation and stabilization systems.

The third group of elements makes up the telemetry control, the
task of which is control of the most important parameters of the on-
board operating equipment and transmission of telemetry data to earth
or to the astronaut. For transmission of telemetry data from a long
interval of time to earth, there is a memory device in the onboard
telemetry equipment. Transmission of telemetry data to earth takes
place by a separate, special radio link, although transmission of it
sometimes takes place together with television information.

The fourth group includes receiving equipment and facilities for
decoding signals received from ground stations and their conversion
into the commands, necessary for control of the onboard equipment.
Onboard equipment, which automatically generates control signals for
onboard equipment from time signals or other primary signals must ne
included here. The composition of such equipment can include an on-
board computer.

13
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The prlma_y.power _upply system must be the fifth group of on-
board elements, _ consls_s or solar and storage batteries and power
supply voltage regulation and stabilization systems.

A space television system is a complex set of device_ (Fig. 1.2).
Transformation of an object of space research to the form of a tele-
vision picture on earth requires the use of a combinstlon of diverse
processes: optical image formation, conversion of the optical image
to a videosignal, transmission and reception of the video signal by
radio, conversion of the videosignal to an image on the picture tube
screen and, finally, makln_ a photo of the picture tube screen and
interpreting the photos. Such processes as optical image formation,
photography and interpretation are objects of study of large, inde-
pendent fields of technology; optics and photography. In a television
system, these processes are subordinated to the overall requirement
of the best representation of the object by a videosignal and its effi-
cient transmission.

The initial optical image of a scene being studied can be repro-
duced with definite precision from a videosignal transmitted from
aboard a spacecraft to earth. Although the technical methods of for-
mation of a videosignal in observation of a natural scene can be
diverse, they are based on the processes of conversion of a light / 22
flux into electricity, storage of the information and scanning.

Fig. 1.2. Structural diagranof space tele-
vision system.

14
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A general standard structural diagram of a television system
Is presented in Fig. 1.2. The ground portion of this system is
examined in greater detail in 0hap. ft. We note here only thst a
characteristic feature of the _round portion of such a television
system in the presence of an automatic device, which is a (_(_mpl_t_
ground layout, operating automatically from the incoming television
signal.

Composition of the onboa-_ portion of a space television sys-
tem can have several structural orsions, dopendlng on the field of
use and purpose of the particular system. The following versions are
the most widely used at the present time: elect_onlc, electronic-
magnetic, photo television.

The first version is based on electronic instruments, princi-
pally _levielon c:uH_r_ tubes, and it has all the component
parts of the structural diagram in_icated in Fig. 1.2, with the ex-
ception of the memory device. Both tubes in which the function of
conversion of the light energy is combined with the memory and the
simplest television tube, of the dissector type, can be used as
c_mez.a tubes here.

Several improved versions of television c_m_,:_ tubes with /23
memories have been developed up to now: isocon, secon, kremnicon,
vidlcon with secondary electron multiplier and others.

The second version is a combination of an electronic optical-
electric converter with a memory device. Despite a series of works
carried out on memory devices (the selectavision system with record-
ing of a hologram by a laser beam, xerographic systems and others),
at the present time, the use mainly of magnetic recordAng devices for
the memory, among which the greatest preference is given to cassette
type devices, is continuing. A description of the principle of opera-
tion of such devices is given in section 4.3.

---
transmittez

Fig. 1.3. Structural diagram of photo
television equipment.

The third version also is a combination of memory and conver-
sion devices, but operating in the sequence indicated in Fig. 1.3,

15
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i Initially, by means of a camera on photographic film, memorlzation
of the information and, then, the llght-eleotriQity conversion are
carried out.

P

I The specifics of plannln_ a space television system flow fromthe features of the field of use itself. A television system, as
i has a_ready been said above, is a set of diverse radloeleotronic,
i optical and photographic devices, to the features of planninz for

which a number of works have been devoted [13,17,29,30]. The overall
television set,creation of a of course cannot and must not mechani-

L cally sum up all the problems of development of varlous devices serv-
in£ as links in this system. A television set planner either uses
already created links (optics, cathode ray tubes, antennas and others)
or only formulates the requirements for development of these links,
based on the general purpose of the television system.

Planning a space television system consists of synthesis of the
optimum version of a television system, intended for solution of a
81yen, specific problem (obtaining images of a planet, monltoring / 2_
the activity of a spacecraft and other things). The optimum sys-
tem in this case encompasses a whole set of qualita-
tive characteristics: resolving power and viewing angle of the sys-
tem, energy consumption and mass of the equipment, reliability, cost
and other things.

In the process of planning a multillnk television system, the
planner leans on knowledge of various versions of its links: lenses,

i cathode ray tubes, radio channels and other thinEs. All of these
links have their limitations in solution of the planning task. The
entire system cannot be designed, based on the limitations of some
one llnk, for example, radio channels. 0nly taking account of the
properties of all the links in their interconnectlons with the quali-
tative characteristics can guarantee solution of the problem of
synthesis of the optimum version of a television system.

The problem of synthesis of optimum systems is not specific to
i_ space television alone, but to other branches of scientific and

applied television. However, in space television, this problem be-
comes particularly acute, in connection with the high cost of a
scientific experiment in space research and, consequently, the high
cost of each bit of video data.

The problem of selection of optimum system parameters (frequency
bands, number of lines, frame frequency, degree of reliability,
energy consumption, stability, mass, cost and other things), appli-

i cable to a given purpose of the system, is new for television tech-nology. There is no such problem in planning television broadcasting
systems. In fact, it is well-known that the basic parameters of a
television broadcasting system (black-white television) are strictly
regulated by state standard OOST 7845-55 [313. In accordance
with GOST 7845-55, the frame frequency equals 25 He, at a field fre-
quency of 50 Hz, and the number of lines per frame is 625. The
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frequency oharaoterlat_,oa of the

I _ ImaBe .i_nal and audio .Ignal

rdic tr.nsmlttes

_ must correspond to those spe_ified
_Hm i in FI_. 1,_ and in T_ble 1.2. The

I _ of the eyetem, which were not encom-

c passed by OOBT 784_-55, are estab-
lished in the technical Bpeclflca-

" ' " "'_: and recelvlnz equipment. Amon_ these_. ,£ • ,,_Hz ] tlons for television transmission

parameters are, for example, the fre-
Fig. 1.4. Amplltude-frequency quency characteristics of the video
characteristic of radio trans- channel of the transmlttlng equip-
mltter standardized by GOST ment in televlalon centers. The
7845-55. technical specifications for this

equipment require that the frequency
characteristics of the vldeoehannel have a drop of not over 55 in
the frequency range up to 7.5 MHz. In broadcast television, the
frequency characteristics of transmitting equipment vldeochannel do
not limit the video frequency transmission band. Modern transmlttlng
tubes also are capable of generating vldeozignals which contain fre-
quenoles going beyond the framework of the transmission band standard-
ized In broadcast television. However, in a television broadcastlng
(black-whlte) system, the video frequency transmission band Is limited
by the spread of the Image and audio carrier frequencies

and, in accordance with OOST 7845-55, ftr " f3 " foi " 6.375 MHz.

TABLE i.2

_ua_bn _. Dower

Frequency _a',no_ _eq_ than
! MHz Image Aualo Note
l dB dB
i .....................

t 1,& below _o L _" [' " /_' J-- I'_
I h ...... l_' "h_--O.;8
l,&below .- _o _: ,hi 4, o,_78
h -- -- h*,:f_ F 0a)28
6 & above 2o 20 l_=_ + 0.78

Improvement of the resolut:lon of television images and in-
crease in the amount of transmittable videoinformation in a broad-
cast television system is possible theoretically, only within the
video frequency range up to 6.375 MHz and 625-iine dlecretization of
a frame.
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EverythinE which h_s been mtated _bout the _har_ct_rl_tlc_ of
plannln_ monooh_omAtlc _paQe talavislon systems concem_ planning of
a space color television system.

The main task in planning color television receiver_ in a ground
broadcast system ie achievement of the minimum co_t, the closest to
the ooet of ablaok-white televislon Bet. This problem is not p_] ;I_
desi_nln6 a SOTS} on the contrary, the problem is laid down of trane-
ferrin_ every complication necessary for operation of the SOTS from
the transmittln_ end of the system, located aboard an AES, to the
_round receiving equipment, The specifics of space systems give a
great advantage in designing color systems. As has already been
pointed o_t, in planning and calculatin6 monochromatic broadcast sys-
tems, the choice of optimum system parameters is impossible, because
of limitations opposed by the corresponding OOST. The same thins
occurs in planning color broadcast television systems.

For planning a SCTS, the absence of these restrictions is _nore Z___26
important than for monochromatic ones. A SOTS in which the basic
requirement on broadcast systems, compatibility with monochromatic
systems, becomes superfluous, can differ from one another, not only
in use of different scanning standards, but by method of transmission
of color signals. Both sequential and simultaneous transmission
methods can be used in them.

The parameters established in OOST 7845-55 are used in the newest
modern space television system (radio transmission distance is about
2000 km); it is the space branch of the broadcast television system.
The rules of compatibility of equipmeht for transmission of color and
monochromatic images must be strictly observed here, to eliminate the
use of two similar types of onboard equipment. A similar system is
suitable for observation of the cloud cover of earth, from distances
up to 20-_0 thousand km. In the future, in proportion to increase in i
mass of spacecraft and perfection of radio engineering equipment, !
multiframe electronic s_stems will be able to handle all orbits
more distant from earth. However, it is evident that, in the future,
it will be possible to obtain television images of the planets of the _
solar system, Mars (minimum distance 5_ million km), Venus (minimum
distance _0 million km) and others, only in a frequency band narrower
than 6.375 MHz. Moreover, study of the surfaces of the planets and
other space research involve the necessity for increasing the resolv- I
ing power of the television system to values which _reatly ex_ed
those attainable in broadcast television.

Transmission of an image from a distance greater than 0.5 million
km and increasin_ reso]ut_o_ o_ of television systems to the maximum
value, which is determined by the capabilities of the light-electricity
converter, as well as a number of other requirements, can be put into
practice by means of _]o_-s<_n television. Solution of the problem
of compres_in_the frequency band in television transmission of images
of rapidly moving space objects and increasing the reso_,_lon
of television systems is set forth in Chaps. 2 and 3.
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In the d_slgn _nd on_Ineerlng dewlopment of onboard equip-
mont for space tolevlolon, solentlf_o research, meteorology.
ate., the prlma_Y requirements are: l_Igh re_labillty, _Imen_ions,

: long sorvloe ills, oomp_atne.e, automated opor_tlon and the
possibility of l,.provlng separate elements.

_wo more additional requirements are placed on oqulpment
operatlns directly in space: capacity for operating in tile
vacuum cf space and heat conductivity.

Such concepts as reliability, mass, hermetic sealing and
automatic operation are specific for any onboard radio engineer-
Ing equipment, and do not need explanation.

The service life, i.e., the time of active operation of /2?
television equipment, differs in different systems. In all
systems intended for scientific research, the service llfe is
short (a few days). In proportion to extension of this research,
the service life of television equipment will increase. Up to
now, the service life of space videos communication systems also
has been short. However, in distinction from scientific systems,
in space television, it depends, not on the time of conduct of
an experiment, but on the stay time of people in the spacecraft.
Television equipment for meteorolo&ical purposes should have a
quite considerable service life. It is desirable that this equip-
ment be able to operate at least one year, 5-6 hours daily_ in
this case, the equipment reliability during the time of operation
should remain high.

Compactness of equipment, or the spacefilling factor, is
estimated by the ratio of the volume occupied by parts, units

and mountings to the total volume of the equipment: _-Vparts/
Vequipment.

With the change to micromodule and film construction, the
spacefilling factor increases sharply. For onboard devices, it
must reach values _>0.75-0.8.

The possibility of improvement in separate elements is
implied by modular design, which permits replacement of any of
the modules by more nearly perfect ones.

Under the influence of high vacuum in space, mutual diffus-
sion of metals takes place and normal lubricants disperse. There-
fore, it is necessary to avoid rubbing contacts as much as possi-
ble, to provide for special lubricants and, in individual cases,
hermetically sealed housings. The question of heat regulation
is still more complicated than capacity for operating under space
vacuum conditions. For artificial internal heat regulation, the
stay time of the spacecraft on the illuminated side of the earth
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_ind ;Ln its sh_idow ,llu_tbe p_e_Isoly ttlken _nto account. 'I'o
obt_lln uv_ag_ te_|pera_u_,o_, the ,.o_t hi_hl_ heat _nsul_tt_n_
lllate_als 111ustb@ oho_erl.

'_he m_x_mum mlc_omlnlaturlz_tion, maximum comp_Ictne_, mini-
llllHlnw,'ll':hl,,p_olon_ed ope_atlng time with high rel_ability,
operation in vacuum and other requirements lead to bulky _pe_,l.-
£1es, not only for the system, but for the desi_n-ensineer:In_':
development of onboard equlpment.

In development and construction of television systemsj it
must be considered that the requirements of minimum enersy con-
sumption, w_:I_!;hl;:nld /.I.4' are placed only on tile trans-
n:Ittlng (onboard) television equipment. The ground receiving
television equipment can be of quite complex desisn. In dis-
tinction from broadcast television systems, tile multlmillion
stock of television sets of which do not permit use in them of
complicated technical methods of increasing imag _ quality, in
the receiving equipment of a space television system, the use
of engineering solutions of any complexity is possible. Decreas-
ing the loss of the most valuable scientific video information /28
in receiving it from space Justifies the complexity of the
receiving equipment.

Planning of a complicated space television system cannot
be completely formalized at the present time. The difficulty
is due, on the one hand, to the complexity of the sSructure of
the television system, including a large number of varied links:
mechanical, optical, photographic and the radio engineering
equipment itself and, on the other hand, the necessity for
simultaneously taking account of many, varied planning criteria:
the energy consumed, the w_':Ii1ht:uul s:Ize of the equipment, light
sensi_Ivlty and image quality, reliability and cost. The develop-
ment of space television theory should ease the requirements of
the engineers in the stage of formalization of the process of
planning speciflc systems. At the present time, television

_theory can encompass only the major planning criteria: light
sensitivity, technical quality of television images, transmission
range, and, based on them, I$ can give a method of calculation
of these system parameters. For this, television theory should
include the optimum reception theory and information theory.
Much work has been devoted to the use of information theory in
television, floweret, in those works, information theory is
drawn on for solution of the problem of comI_r_u_slon of the video
frequency band of b_'o:_dcasi:type television systems, by means of
elimination of statistically excessive television images. These
works have specified looking at information theory and television
as a means of flndin_ different methods of statistically coding
television images, for tile purpose of c_I_p_'_'_ion of the video
frequency band. The results of these _,l:'I'_*:_'i;_have been dealt
with in detail in work [32].
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h'.Ponl t;he me,lien1, o_' 2._;_ dovolo|mlont., _p_,ce t;olevJ.t.llon |ram
L)_I_I'! b_L1ed on t,_|l_, 14 [_%q-;:¢,:lll IliOn;hod OJ,' COml_:P,u':_;Lort of the video
£_equenoy hand and, .in th:l._ _e,me, stati_tisal oodIn_ han ho_n
_onflldered Ollly _fl a method of _ g4]l|O,ll t_dditional oolllprot_klion of

the video frequency band, the effl.cleney of which is doterl_tlned
b_, the ac:cuptab]o deZz'ee of co|apl;l.cation o.t' onboapd e(lU:l.pment.

1.,3. Video ,_;l_nal l,brmation, l',i_he !rod Spat:l.'l] AmI_lltude-
!?_,__oquency Characteristics. -- -

'.l.'he principle of storage (accumulation) of energy :ts a
means of controlling noise. It :l.sbased on tlle u._e of various
relationships for summlng up the ermrt_y of a repeating signal
and random noise. 'l?hedifference in these relationships leads
to all excess of the signal over the noise in summing up their
energy. This principle can be put into practice in a television
camera in the simplest form, by means of an electrical filter s
a video amplifier or, in mope complicated form, by means of /29
film storage.

The method of noise 3ontrol by means ui' filtration, accom-
plished by a video amplifier, is inherent in narrow-band mt'chanl-
cal television systems. Let us examine the formation of a video
signal in an onboard camera of a narrow-band mechanical television
system. Such a camera (l,'Ig.1.5) has an "instantaneous" solid
viewing angle of _ % steradlans. The mechanical scanning device
swings a mirror and moves the viewing angle in sequence over the
field of observation. In accordance with the content of tile

section of surface observed (for example, a section of the sur-
face of a planet), the light flux gathered by the lens enters a
photomultiplier (PM) and causes modulation of the electron flux
at the PM output, i.e., formation of a video s_snal.

The electron flux, like

.1,._.{I_ the photon flux, is a source

._f__:q,l ................ _ _Nm.t.rror of noise and, therefore, carries
..........................rx_ with .It the video signal mixed

1'"I__I"! :|'_ . _ with noise. Extractlon of the
lens video signal from this mixture| _) '. i/ ( is accomplished by a filter

_phragmM_ which is a video amplifier.
Owing to tIle_'t'lq_ous('of tho
video amplifier, which Is eval-

video signal t--"-'----I

ampl_fier--L.---_----_ ua_ed by a certain time constant_, the energy of thls signal
and noise is summed up during a

Fig. 1.5. Explanation of opera- finite interval of time equal
tlon of television system with to _.
slngle-element storage,
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in order to _t_or lllus_rnte tile e_'fect of |_hol;on noise
on tllevlde..o_Ign_l £orm_Ltlon l_roce_, l_t us consider the
problem ol' detection el'a solitary _pot on a uniform b£wk_round.
Lot tllecontent of tileobl_erved nuz.J'acesection (x,y) be a
ningle wh.l.tes_ot on ttgray background. We select an in_tant.'tn-
eous viewing an_,lo /¢, equal to tile _ng, ul.'tr dimension of t;he
spot. We arbitrarily divide the ob_erved m_rface (x,y) into
elementary sectionn, e'lch of which _n_bt;end_ solid an_io _ ¢

!Fig. 1.5). The c_unora filter, in time x',sums up N1 photons
_rom elementary section 1 of the mwface backg&,ound _x,y), N,_
from section 2, Ni from the i-th soctlon, etc.I '['henumber _'_'f
photons fluctuates around a mean value in changing from one
elementary section of the backl]round to another.

The number of photons summed from each elementary section /__

is _ rando,n value, and it is subject to the Poisson distributionlaw -:

where Pm is tlheprobability of ,lphotons impinging on an elemen-
tary section, where m = 0,1,2, ..., _i, is the me_,n number of
photons impinging on the i-th elementary section.

As is well-known, 1or the _oisson dispersion law, o_, i.e.,
the noise power, equals the mathematical expectation, i.e.,

._ _,V_,,Vy ,V,,

the root mean deviation of the number of photons (photon noise) .

o. [ A',

The mean number of photons sunllned

A, ._I" lh,_,,

,, ,,,

1 For simplicity, we consider that the quantum yield of the I'M
equals unity a,d that there is no inherent noise in the PM.

2The statistical approach in determination of maximum sensitivity
of television transmitter tubes was first reported in work [8].
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ei 2 per.ooond,. . / o projection
of the elementary section of the field observed on the PM
(storage zone); B e i, tl_e luminance of the background in the

: plane of the PM p[lotoc_%thode. When the white spot, wlth luminance

B enters the camera vlewlns a_gle, the mean number of photons
summed by the storage zone _ in time T increases to a value

% _i%IT]L

The value of the signal from the white spot on the gray back-
ground is dete_mlned by the difference in a number of photons:

A_V. A_-.A'_ ,,,XI"tTI_I I'B,I.) ,_XI:'I'AI_, (i.i)

where _ B = B - B$.

It is clear that the signal is directly proportional to the
difference in exposure and area of the storage zone. The root
mean value of the photon noise of the background

% I 'N, I .%1"_114. (1.2)

Dividing quantity (i.i) by (1.2), we obtain the slgnal-noise
ratio of the camera output:

._,_ A,_ rl_ rl;,,, %11,;. (1.3)

It is clear from formula _.3) that the output signal-noise
ratio from a spot with a g_ven area _ _2 can be improved only by
means of increasing the storage time T.

For detection of the spot, it is necessary that the output

slgnal-noise ratio exceed a certain threshold value qth, i.e.,
condition q_ • qth, or _ a qthen .

The least detectable drop in illumination /31

_""" "'""'"' (i.4)\ ' %1" / _l'%t'l
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Substituting th_ value of the background photon nolfle (].._)

in (1.4). we obtain

/, .,,,,.,.I .,,, . (1.5 )
I ,_ %1,"1'

It is clear from2formu]as (1.4) and (1.5) that, with giwm
values of Bav and _ _ , the only means of reduction in the°thresh-
old value _ B_h of the illumination drop detected (large white
square on gray b_ckground) is an increase in buildup time T.

By increasing the video amplifier (filter) time m_nstant,
with a corresponding slowlnz doWn of the scanning rate, buildup
times can be achieved, in the type of camera being considered,
of 0.04 sec and more. Such an increase in buildup time makes it
impossible to obtain images of rapidly changing scenes. If fact,
if an image contains l0o elements, for,a time T W 0.04 sec, we
obtain a frame transmission time of i0° T = 4.10_ _ ll hours,
i.e., the scene being studied must be practically immobile.

The problem of increasing the buildup time during observation
of rapidly changing natural scenes has been solved in television,
by means of film storage devices in the television e:H_,t.:_
tubes. A photograph of various types of e:u,c_.a tubes
available to television is presented in Fig. 1.6.

Let us examine the basic
processes of video signal
formation in cameras with

i "_ film storage devices. Infor-_ _ " "'A_.... marion on the scene being

;i_._,_0)__ transmitted is represented,bymeanseralens,inthe'0 '_;i_ form of a plane optical image,
"_, _ which can describe the spatial

function of luminance from
coordinate B(x,y). The optical

Fig. 1.6. Television camera image is formed in a plane /3_
tubes (from left to right): light-sensltlve layer in the
vidicon with 12.5 mm diameter e:imt,i.:i tube. Direct
bulb, vidicon with 25 mm diameter interaction between the Inci-
bulb, vidicon with 40 mm diameter dent photons and electrons of
bulb, secon and superorthlcon, the material takes place in

this layer, i.e., an external
or interna_ photoelectric effect is observed. Therefore, television
c:uIleP:i tubes are radiation photon receivers [9, P. 188].
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'l'elevlslon ¢,nm,.t,:_ tubes with external photo ell'oct have n
transluc.ent photosathodo applied on the inner sid¢_ of the i,_lass
output faseplate. 1'he interaction of the photons with tile
electrons in the external photos]settle effest is described by ttle
well-known Einstein equation

" (1.6)

where h is the lqanc:kconstant, c is the speed of li_.ht, A is tile
wavelen_,th of tile light, e and m are the charge and mass of an
electron, eV is the work functio_ of an electron in electron volts,
ve is the velocity of the emitted electron.

The external photoelectric effect is observed for radiation
with wavelengths in the optical range, from the ultraviolet to the

red limit _i_ m. The red limit of the external photoelectric effect
is determln_d from the Einstein equation at ve - O:

Allm hc;V
(1.7)

In vldlcon type television tubes, the internal photoelectric
effect in various semiconductor photo layers is used. The red
limit wavelength in the internal photoelectric effect can be deter-
mined from formula (1.7), where the value of eV should be treated
as the forbidden bandwidth in electron volts [9, P. 20_].

Besides the external or internal photoelectric effect,
processes of storage and readout of the charged image, in combina-
tion with amplification of the electron flux, takes place in tele-
vision tubes.

In tubes of the supericonoscope, superorthicon and secon types,
by means of secondary emission or secondary conductivity in the
storaEe (transfer) section, amplification of the electronic image
is achieved. Amplification of the electron flux is used in the
readout section, by means of a secondary electron multiplier (SEM).

Let us examine the processes of storage and readout of a dis-
charged image taking place in the tubes.

Storage Process

Vidicon. A translucent metallic layer of the signal plate and
thin semiconductor film, having internal photoelectric effect, tile
film storage device, is applied on the inside of the end glass face-
plate of the vidicon (Fig. 1.7). During the time of exposure, under
the action of the optical Image B(x, y), focused in the plane of

25
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the film storage device, a latent image forms on the surface of
the storage film facing the electron beam, :In a form correspond-
Ing to the image of the distribution of charges Q(x, yp t), which we
cal_ a "charged" imaE_e for short. By analoi_y with the optical image,
it _an be estimated by the value of the drop AQ between parts of
the image, as well as by the contrast _Q/Q. The process of forma-
tion of the charged image is characterized by time _._::pon_,o. With
increase in exposure time T, the excess of the value of the drop AQ
between two light halftones above the noise power of the charged
image (graininess, caused by the discrete nature of electrical
charges) increases [i0]. This process is the essence of the storaf_e
method in the vidicon and other _am(_r_ tubes.

signal plate

iglass\ J photosemiconductor

/ film e_ec tron gun
thermocathode

video slgnal_ anode
-load

Fig. 1.7 Diagram of vidicon

!
Supericonoscope. The optical image is focused in the plane of

the translucent photocathode of the tube (Fig. 1.8). The stream of
: photoelectrons is transported to

dielectrlc _ilm the storage device, a dielectric

glass _ _collector film, by means of an electro-
_ • _.pno_o- \ siqnal magnetic focusing system, on the

_ens \_/cathods _ /plaCe other side of which there is /34

ametalli0signalplate.Bom--
_...I"V_ ..... T.>_-_/ bardment of the dielectric film

e._//_ f _ video by photoelectrons causes secondary

._ _, --signal emission. The secondary electronsare collected by a cylindrical
._ .... "load collector surrounding the storage

_clectron gun device. An accelerating field
between the collector and stor-

Fiz. 1.8 Diagram of super- age device (tube target), which
iconoscope can differ, depending on the

equilibrium or nonequilibrium
recording mode (see section 3.6),
determines the fraction of the
secondary electrons removed.

26
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Ae a result of bombardment of the film with phctoe_entrcns and
secondary emission, a charged image Q(xj y, t) is built up on the
surface of the film storage device.

Superorthlcon. The buildup process in the superorthicon is
similar to the process in the superl_onoscope. The difference

between the build-up section
91ae8 of the superorthlcon (Fig.

/_hotocathode multiplier 1.9) and the build-up sec-

len_ _/gri_film. ._JJiJ_*_hermocathodetion in the superlconoscope
P---_A_I_---_IL.-_=_---._ is that the secondary oleo-

• _ .... i!rM ..... _'"'l_oa_ tron collec_or does not have

_'_ _1 a cylindrical shape, but the
shape of a fine-mesh grid,
which is located in direct
proximity to the surface of

Fig. 1.9 Diagram of superorthicon the film storage device
being bombarded by photo-
electrons.

elgnal plate electron

lens photoc_thode / _erget gun Secon. The storage _

........'_ _ _ ll_../_ device in the secon (Fig.
.......... ..... - U, i.I0) is a dielectric tar-

get, operating by use of
glas@ide _ _ be_m/thermocathode secondary electron conduc-

s_gnal ,loadan°de tivity. The stream of
photoelectrons is acceler-
ated to an energy on the

" order of 6-10 keV in the
Fig. i.i0 Diagram of Secon transport section, it pene-

trates a thin metal signal
plate and falls on the target. The target material is a porous di-
electric [Ii_. Under the action of high-energy photoelectrons, a
large number of free secondary electrons, having a low energy level,
is formed in the target dielectric. Under the influence of the
electric field of the target, these electrons are directed through
the pores of the dielectric to the signal plate, and a charged image
corresponding to the optical one forms on the target. For each
incident photoelectron, there are 30-100 secondary electrons on the
average reaching the signal plate. Consequently, amplification of
the electron image with a very high coefficient is accomplished.
before the buildup process in thesecon.

Readout Process

The charged image, formed as a result of the buildup process,
can be read out from the film storage device, by scanning it with
a sharply focused beam of fast electrons, causing secondary emission
with a coefficient e<l ("hard" readout beam) or by a beam of slow

q iP.Aectrons with o<l ("sort" reacout cesta). The processes of readout
of video information from the target by a "hard" or "soft" beam have
much in comm_,; In both cases, the main bulk of the electrons re-
flected from the target by the "soft" beam and secondary electrons
with the "hard" beam have low initial velocities, on the order of

I-i0 keV. 27
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C_Oldj _ho volLal_e of wh:lch Ill _ho vlminity of the ('llnl eot,re_pond_
to the vl).llle of the ohar, ff,o. Wo (:ltl! the dlfd;Dlh|lt_on of tl|_
t_otont;lltl :1,I; the plane off the _toj,a_,o dovl¢,,o II(x, y) the "|_otolltla]"
Ira/re@-, The potontlal drop AIJ(I, y) In the st(_t, af:o dov.l, ee _;allses
modulatlon of tho _'lax of low-speed ¢:leo.trons (reflected or
secondary o.loctron_) durin_ scann.ln_.; hy the bee.m, i.t:., they are
the _atlfleof t'orma_Ion of a video _i_nal. 'l.'hovideo :U.ff.n_t](:tlrrent

value can be e_timated by the :%pproximato formula Ig(t) a,SCIJ,))^UI,,,
where .Ih is the readout beam current, AU is the potential drop in
the fl]_ storai_e device, U,_ is the constant potential difference, I
determlnlnl,, the constant c_mponent of the voltal,_e of the _ield In !

the area of the storat_ie device, S(U n) is tile mean slope of the
' current-voltat':e curve of the elemen_ read out of the film storage

device.

For readout of a chart_ed :1.ma_ewith a total char/_e Q_ tile
electron beam should introduce a Charge Qro " IbT>QM In frame
len_th time T.

The interaction of the beam electrons with the U(x, y) field
in the plane of the storag,e device (tarF,et) leads to F,eneration of
two signal currents, h),plIcd i.o l,lu"vld1_o,_ :rod :_'c,,nlute,', :It /36
is iml'_':_)t cu_']'cnt, I., taken off the signal plate, and current

1 2 of secondary emission electrons, _,oin_ from the tarzet to the
a_ode or to the SEM: _I b = Icl + Ic2.

l.;achof the era.rents T _ an(] I o I" modulated by the U(x, y),
field and carries Infiormati_ on th_¢_stored Ima_;e. In the vldlcon

and secon, current I is the video sl_nal, flowln_,, in the signal
plate circuit. In _ superorthlcon and vldicon with SEM, uslnff,

a slow electron beam for readout, current Ico is the video sisnal,
entering the SIM, where it is a pllfied 250-_000 times (FI_. i.ii).

signal plate
/ ohotosca_icotlductor In the electron beam

lenskglass k /film teal _ scanning process, dlscretization\ _ / / th_:.rmo, of the imase takes place in the

_[ -- _ cathode plane of the film storable device
|_| _ Y, and char_ed imal_e readout, into
"- _ 71 "/" vlm_o individual lines (the video sit_-

" U _ -,-slgnal hal is continuous within a llne)

multi))lierl or into individual "points" (the

I_,, load/ pulse readout method)J12].Information on the start of each

Fi_,. I.].i Diagram of vidicon line is transmitted by means of
with SF,M auxiliary pulses, _,,e)_eratedby

t;h(_ _y)_(,hren:Izer [] -31

h television e:),),(u,:_ tube can be considered to be a viden

signal current generator, havin_,_a very hi_,,hinternal _,eslstance.
The value of the video signal current is determined by the scale

28
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(amplitude) of a pulse of current I., formed in readout of the
charged image from a white square o_ large slze on a black back-
ground [14], It is very simple to obtain an approximate estimate
of the value of I^, Readout of the charge ie accomplished by a
focused electron beam, formln_ a readout spot on the target with
dimensions AI, and AI,,,by line and frame, respectively. The value
of the readou_ spot c_arp,e AQ - ep(BT)AlvAl,,, wher_ p(IIT) electrons/
mm Is the density of the electrons storSd _n 1 mm' during exposure
time T of the white square with'tumlnane_]_, lux.

The charp,e AQ is read out in time At - AI_/_ , where ram/
sec is the scannin_ rate of the readout beam a_on_a llne. _ro'

In this case, current /37

I.. '1 A,; qtl,(lll)vr/_l,,

(1.8)

is formed, where n is the readout efficiency.

The size of the spot read out across a line depends on the
size of the target le and the number of lines scanned z, and it
does not exceed a certain value

All, -d_- rdAIma_,
(1.9)

where d is a coefficient.

Substituting (1.9) in (i.8), we obtain an approximate estimate
of the video signal current, as they say, from a large detail

I_ ,Idep(BTIvret: "_
(l.lO)

Or

, l'_

I_ 'IdeP(M)-_;o'

where

Zl#

s o . .

is the frame readout time.
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_ormula (I.IQ) shews that the video signal eurrent, d_termlned
by the density of th_ stored e]eatrcn_ p(B_'), in the flr_t Approxi-

mation, is directly prQporti_nal to the _cannin_ rate Vro _nd
inversely proportional to the li_Le dcnelty z/l¢.

Unfortunately, for formula (1.10), it is difficult to calcu-
late the derivative of the coefficients _d, determined by the ratio
of the useful charge read cut to theft stored on a tube target with
area 1$2:

'1'! I'1_0
_'p (liT) I,i,

This situation, in combination with the nonlinear dependence
of stored charged density p on exposure BT, causes the video signal

current Ic to be found, not by calculations, but experimentally.

Let us turn now to questions of formation of a video signal in
a phototelevision transmission system (PTS). Photographic film is
used as a light-sensitive element here. During the exposure, under
the action of the optical image focused in the plane of the photo-
graphic emulsion, a latent photographic image is formed. The process
of formation of the latent image is characterized by time inertia,
i.e., with increase in time, the exposure increases the number of
development centers in the photographic emulsion layer.

After development, fixing and drying, the negative is deliv- /38
ered to a photoelectric converter. The chemical process _f
development increases the effect of light by more than i0 times.

Readout of the photographic image is accomplished by scanning
it with a focused light beam (a travel_ng beam device or optical-
mechanical readout device).

The image on the negative modulates the light flux entering
the photomultiplier, which converts it to a video signal, i

In scanning the plane of the photographic negative, discre-
_ization of the image into individual lines takes place. Both the
photographic and television subsystems participate in formation of
the video signal. For planning a phototelevision system, reducing
the photographic signal and the photographic noise into the video
signal is of great importance. The maximum signal scale on photo-
graphic film corresponds to the density difference of the negative

D..x - D _.; in the working section of the characteristic curve of
t_ phot_Tlm, it is a linear function of exposure (Flg. 1.12).
The noise value Is determined mainly by the root mean fluctuation
of the negative darkening from the mean value of its density.
This value changes with change in the mean density of the negative
(Fig. 1.13):
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A P

where sonst Is a proport_onsl!ty fantnr, a Is the araa _P pro-
Jestlon of a grain, D is th_ m_an d_nslty value, Al in tlm area
of the scannlnR aperture.

,lhoj _-- Usually, in ealculatlons ofphotot_raphlo systems, the value
,'ma /_ of the noise mea.ured by an aper-

/
turo 2;I _m in _ize, in _ectlon_

,,p,'!,, of the ne(_atlve wlth a density of
0.85 above the density of the

l_, fag, In the precess of read-
............[_gT_ out of the photographic image,

the video signal is proportional,

Fig. 1.12 Photographic film to the transparency o@ the photo-

characteristic curve graphic negative _neg' In this
case, its maximum value is stan-

dardized from the value Zneg max'
The minimum value of the video

",, signal corresponds to _neg min'
,,,> The minimum signal amounts to

_,, 0.01-0.02 _neg max in all. Thus,
::": the video signal in a pheto-

I , television camera is standardized
_' and it is a nonlinear function of

exposure (Fig. 1.14).
Fig. 1.13 Photographic noise
vs. negative density for two One of the advantages of
types of photographic film the phototelevision system is

the possibility ef sequential
(by section) readout of the image

_nq from the photographic film which,
with the same equipment unit data,
permits an increase in definition

_ by means of increasing the trans-
! _me mission _.me.

\ The results of the processes
............ of transformation of the optical

emi -- _t image into the electric video
signal in the television camera

Fig. 1.14 Negative transparency are evaluated, by means of light
vS. exposure and spatial amplitude-frequency

curves.

The light and spatial amplitude-frequency curves are found
experimentally, i.e., by means of testin_ the camera tube in
a laboratory installation. In calculations, these characteristics
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can he approxlm,,1,ted by formu]am) takln_ e_caount of tho ahar_atorlm-
tia_ With difP+r_nt _,smnntn_ t]t,'+tndfipd_.

In me_sur_+l]lent of the liRht aharaater_tias) _ liRht _quar_

(or rt_ctanF)le))with h+111+_.n_n_+o_) o[t a h]-a_k b_kp, Poun(l ]_b) _
pro,locked on the photo l_YeP of the tube. Tim dlmen_ionB of the
white square are made quite larRe (on the order of 0.I of the
,evoral layer dlmen_ions). 'Phelumin_mco of the blaok backRround
Bh is hold constant; in the flr_t approximation) B), = 0. The
_pendence of the video siRnal current pulne _mpli_ude) formed b.V
illumlnatlon of the white square on a black b(%ck_round) on the
variable illumination of the square i_ measured)

,'.,m, (l.ll)

Function (i.ii) is called the light characteristic. Examples
of light characteristics of television tubes are presented in Fi_.
1.15. The closeness of the concept of light characteristic in
television and the characteristic curve in photography is obvious.
This similarity increases, if) not the luminance value B) but the
exposure value BT, is plotted on the abscissa of the light curve)
taking account of the interchangeability of B and T (see section
3.2), and it is changed to a logarithmic scale.

The saturation section of
b'

._!...... , + ...... _), ............ the light characteristic is

i_l : F__ explained b, the capabi!it2 of_._.... _, the film storage device (target)

:+/+ 1+ I/I ......o.,,,,u,o,o,u,,o+o,,.a._,'-. .v' finite electrical charge, by /40
virtue of limitations _' the --

,_,i,' t : I _1_'!./ ,!. ,!_ J, I capacitance of the storage device
Exposure,lx.sec Exposure,ix.see and the potential difference.

This places an upper limit on
Fig. 1.15 Light curves: the operating range of the
a) slow-scan vidicon (frame exposure. It is limited from
readout time i0 see)) b) secon below b_ the threshold value of
(frame readout time 1/30 see)) measurement of the video sizna]
from data of work [ii] current. The workin_ range of

illumination from Bah to B_m)
reproducible b_ the television tube) is significantly IMss th_ )
the range of illumination on observed space objects.

By varying the exposure time, light filter densit_ and diaphraHm
opening) the limited range of illumination of a natural scene of
interest to an observer can be matched with the operatln_ exposure
range of the television tube. The densit_ of the neutral light
filter and relative diaphragm openin_ of the lens regulate the
illumination on the photo la_er) in accordance with formula
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I

II +-1''J)ll''bwlmr_ +Bob I_ the illuminatlor| nf _.rl nhJ_t hav!np_
Sfloff10+ll_l]t of ret].oot_:tnrl T I i _ 1.1.I t,h¢++ pe'l.atlvo di++_phra_m npen+nF+
of the :ten+ and +R I+I the tr+-mm,i+minn ooofPt(;i++nt ++f tl+e :l.t+_ht
filter, tn_thel, w_th Lhe l._m_,

floweret, f_o,olpep,i,(lho_.e(_
oP exl+oBt£P_Wb,l,ll (|(}(_Bnot

_"+'I _l++%p#}I|_ee y,oproduoi_] on OP I%1I

I ,t_ _w chisel;, d,,moI,:Ib,+thl(+ by the

_.+++ ,/ , . the dependence of i,l,,L£_:l,nat+ion

V + °. +,+++.. _ called the opt'Lea1 ima_,e. This
function has very small drops in

.......................' illumination All,determined by
the difference in coefficients

Fig. 1.16 Distribution of of reflection of parts of the
illumination alon_ a line object (Pi_, 1,16). Let an

optical image B(x, y) contain a
detail, in the form of a white spot (squa,.e), with luminance 1+%
forming an illumination drop AB _.Pa /,ray back(,tour}dB}_. ||Stis
evident that, for reproduction of the drop, condition [1.4) must be
satisfied; it was established fez+ on ideal summation of photons /_I
and with the assumption of an unlimited, rectilinear light char-
acteristic. Nonlinearity of the light characteristic must be taken
into account. The video signal current from a white spot on a gray
background can be found from the light characteristic, as the

difference in currents (Fi_. 1.17)1: AIc = Ic(BT) . Tc(BbT).

I_ In connection with the fact

............. , that the light curve of a
.......... _ _ came_,a bube has a saturation

' I section, the task of effective
use of the relatively narrow

/ t I I operating range of illumination
.... z, +__I._t..+L ar.+.ses.The ifficultyar sln ++

_+ ...... _'&--+1+++'" 1_eII_:is caused mainly by thet t"_th ! I 'alim

I fact that, as is well-known, the

._T.[_ I I luminance of an incoherent optical, ...... _ image cannot be subtracted.

However, conversion of the lumi-,.+ nance of an optical _ma_,e into

, I charges_ potentials and currents
makes _t possible to subtract

F_g. 1.17 Finding video signal values and to carry out other,
from light curve subsequent special processing

T_l;hesuperorthicon reproduces a small bright detail when
operating in the saturation section of the light characteristic,
owing to the operation of subtracting the backcround potential in
the target of the tube, determined by redxstr.+bution of the
secondary electrons.
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operations. It is evident from Fig. 1.16 that function B(x, y)

does not fill the range of illumlnat_on from B_ to B_i_ uniformly,
which is ex_lalned by the presence of envelope_"of th_ _white" B,_
and "blacR" B_ functions, which ate plotted by dash lines in the"
graph. EllmlMatlon of these envelopes would permit d,,vc<[opme,ltof
the char_ed image on the target, with the purpose of more effi-
ciently using the dynamic range. Such devel°Ping, as applied to
the video signal current, is reported in greater detail in section
3.8. It is based on elimination of the image envelopes, with
subsequent carrying out of the subtraction and division operations,
A difficulty arlsee in camera tubes with elimination of the
spatial potential distribution envelopes on the target. The cost
of reduction of efficiency in the developing can change to a more
easily accomplished method, subtraction of the mean background
component on the target, by means of irradiation of the target with
a compensating electron flux (see, for example [15] page 160).

The concept of contrast k is widely used in television; it is/42
defined as a relative value of the illumination drop with varied
standardization:

/,i /_ B]D AII

D --1_b A H

B 'i"Bb (l.12)

Conversion of light contrast, determined by formula (i,12),
into the electrical contrast of the video signal is accomplished,
taking account of the contrast coefficient of the light character-
istic, expressed in the logarithmic scale:

& Lb (1.13)

where Y --_ah_g--/_'-is the contrast coefficient of the light
A h_ B _T

characteristic log Ic = ¢(lOgBbT) on the logarithmic scale.

It is clear that the contrast coefficient of the light char-

acteristic is a function of exposure _ = 7(SbT).

The electrical contrast gl_/I_ of the video signal can be
changed, by means of operation _bo_e the potential contour on the
camera tube tarot or above the video signal. The electrical
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potential nn the tubs target and the e]eotrien], vldeo nip:nalpermit.
in distlnotlnn from illumlnatlon, the (_peratlon of' subtraction,
wh_.oh can Increase (;nnt;,,a_tto the maximum w11,u_. !['hl.naperatlon
is called the video s.lgnal eontra_tln_ operation. It is used in
video amplifiers.

In the dependence o_ the video si_._nalcurrent AT. on the two

light quantities AB, 11h (see formulas [I.121) can _hange to the
arguments k, [_b'which InClude the concept of contrast.

The process of light-electrical conversion is evaluated from
the light characteristic for lari_,edetails of an ima[_e. The light-
electrical conversion for small details is evaluated, by means of
the spatial amplitude-frequency characteristic, determination of
which involves a linear model of a television system.

1.4 Conditions of 1,'easibilityof System.
_'@I-_8_-Ion oi'Baslc Televlslon ?arameters.

For calculation of any television system, the initial data,
the planning criteria, are needed. The latter are determined as

functions of the field of use, purpose and characteristics of the /43
object being studied (subject) and the means of observation. All
planning criteria values are reduced to a technical task (T'P).

Planning criteria must be divided into two groups: primary
and supplementary.

Among the primary planning criteria, in accordance with the
information problems of television, are requirements as to image
quality, light sensitivity and transmission distance.

Based on these requirements, the primary television parameters
of the planned television system are determined (calculated):
number of lines, frame length, amplitude-frequency characteristic
of television system, video frequency band, sensitivity of light
electricity converter, transmitter power and antenna gain.

N 'DL ..................

Fig. 1.18 Diagram of conduct of ealculations in
planning.
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The conditions cf _easlbillty of a planned television system
o_nsists of the possibility of selection of those primary televi_i_n
parameters, at which the television system created completely
satisfies the requirements of the primary planning criteria (TT
requirements). Calculation to determine feasibility of a television
system is presented by the diaFram in Fig. 1.18. The calculation of
the system parameters is carried out from the characteristics of
existing components, for the purpose of achieving the assigned
values of the planning criteria. All possible combinations of the
component characteristics are analyzed. If the results obtainea with
any combinations of the characteristics of existing components give
a negative feasibility condition, a second calculation, fixed by the
characteristics, must be carried out, of components which are absent,
but which can be created. In this case, if one does not succeed in
satisfying the conditions for feasibility of the system, the values
of the technical task parameters must be reexamined.

General specifications for preliminary selection of the primary
television parameters are given below. The theoretical bases and
methods of calculating them are given in Chaps. 2 and 3.

The criterion of quality of the image received is the most /44
complicated and varied of the primary planning criteria assigned.
In the process of planning a space television system, the engineer
must so select its components and match them, that acceptable tele-
vision image quality is insured, with the assigned design and opera-
ting requirements for the equipment. For this, the planner must
have a method of calculation of the qualitative image characteris-
tics (optical, photographic and television), including allowance for
the effect of the television system parameters: number of lines,
frame frequency, frequency band and other things. Unfortunately,
the problem of calculation of image quality has not been completely
solved up to now. The difficulty in solution of this problem is
explained by the fact that an estimate of the quality of television
images is one of the types of complicated _olutions perceived by the
brain (higher branches of the visual analyzer) of the observer, on
the basis of unknown criteria. The dif£iculty is aggravated by the
fact that these criteria, strictly speaking, must consider the
emotional and semantic properties of the image.

However, they may be disregarded, if one is limit_d to narrowly
professional tasks of planning television systems. In fact, in the

_: function of the engineer-planner, only the choice of the values of
parameters of the proposed equipment are included, which affect the
"technical" quality of the image, and not the semantic or emotional
content of the transmitted image. An engineer planning a television
system is obliged to provide the required "technical," nonsemantic
image quality. The competence of introducing such a concept is
confirmed by experience in designing optical, photographic and
television systems. In the technologies of television, photography
and optics, the terms "image quality" and " _ge quality criteria"
have long been used, only in the nonsemantic aspect of these concepts.
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The noncep_ of "technical quallty" of an Image nan be ex-
plained by the followin_ example. Let an observer co,IpaPe _mageB of
a certain natural scene, formed by two different systems, system
No. i and system No. 2. One's life experience Is evidence that,
regardless of the emotional and _emsntlc a_pects of an image, an
observer is capable of _Ivln_ one of three answers:

-- The first system provides hli,:he_,Im_!:(}qu:_]:Ity_

-- The second system provides hi_her Image quality;

-- The systems provide identical image quality.

In particular, if system No. 1 is a motion picture and system
No. 2 is a television broadcast, it is well-known from everyday
experience that all viewers evaluate image quallty in the motion
picture as better. Viewers draw this conclusion, regardless of the
artistic and semantic virtues of motio. _ictures. This fact _45
confirms that, both in a motion picture and in television, a viewer
is capable of extracting a narrower group of qualitative indicators
from the many aspects of quality, depending, not on the emotional
and artistic virtues of the images observed, but on various types
of distortions introduced by the motion picture or television equip-
ment. This narrow group of quality indicators composes technical
image quality.

Introduction of the concept of technical quality of television
images in no way means refusing to take account of the properties of
the information receiver, the visual analyzer. The matter concerns
only rejection of eonslduA_ation of the emotional and semantic
aspects when a man perceives television images. However, with this
rejection, the role of the information receiver remains large.
Therefore, one of the important questions for television technology
is the question of establishment of accuracy criteria (the terms
"fidelity criteria" or "quality criteria" sometimes are used) of
reproduction of television images. On the one hand, such criteria
should reflect the properties of the receiver of television infor-
mation, the visual analyzer and, on the other hand, have a mathe-
matical expression for calculation of systems being planned. The
most widespread accuracy criteria in communications theory is the
root mean deviation. Its signal m(t) is reproduced by d_storted
signal y(t), the root mean deviation ¢2 = M[m(t) - y(t)] _ where M is
the sign of the averaging operation (mathematical expectation).

There are two diametrically opposed opinions as to the appli-
cabllity of the root mean deviation ¢2 as a criterion of accuracy
of reproduction of television information. Accordin_ to one opinion
[32], thls criterion is unsuitable for television information.
Thls opinion makes It impossible to extend the achievements of
existing theory of optimum reception and transmission of information
to television technologic. According to the other opinion [33], the
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root mean deviation is suitable for television information and,
consequently, the results Qf the theory of optimum reception of
information can be used for engineerln_ calculati(_ns of planned
space television systems [33, 34].

The purpose of the t_levision system is to detect and inter-

pret, with probabillty P_, a television imaze of an object M in
cover,ll_e ol az_ :train L, iQM_nance BM, contrast k and transmission
distance R. It follows from this _eneral formulation of the purpose

of the system that the quantities Pint' L, BM, k and R are the
planning criteria:

A television system can be intended for both detection of
objects of simple shape, for example, points, and for detection of
objects of complex shapes. In the first case, the problem of de-
tection and measurement of the coordinates of a signal of previous-
ly known shape is solved. Th_s problem concerns one of the /__46
branches of the statistical theory of decisions [3].

The area coverage depends on the viewing angle of the system
and the distance to the object being observed H. In the simplest[

case, disregarding curvature of the earth, L = 2H tan _.

The viewing angle of the system (Fig. 1.19) is determined by

the focal length £foc of the lens and the frame size £f in the light-
sensitive layer:

tan s = £f /2£foc, (1.14)

i.e., L = H£_/Lfoc, where H is the altitude of the AES flight
trajectory.

" f With a given signal-noise

_'_ I ratio, the probability of iden-
tfoc tification (interpretation) of

observed objects is determined

_/Ii by image definition.

.'_ Definition of a television

! t frame is determined from the

I formula N = z2D_, where z isthe number of li_es per frame,
p D is the resolving power along

a line and __ is the line

s length on th_ photo layer of

i . the tube.Fig. 1.19 Explanation of dccrease With a square raster and
in reso_tlon at the edges of identical line and frame re-
an image, solution, definition N = z 2

elements.
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The resolllt1(_n of the object of observation D depends
on many factors, including the scanning standr_rd adopted_ flight
speed of the spacecraft and its distance from the object of obser-
vation, exposure time, characteristics of the o_ ,;st and of the
television tube_ the video amplifier and comll:un'..-at_onschannel
frequency bands, as well as similar data for the receiving, equip-
ment. Based on ziven values of the linear dimensions of a detail
discriminated c, minimum number of lines (elements) in the detai_
of the image Az, the linear dimen_:ions of the workinz surface of
the came:t.a tube tarzet _-, focal leng.th of the lens _- , and
distance from the lens to therobJect being studied If, the _8_essary
number of lines can be found by the formula

t AtI_II

Taking account of the curvature of the earth, the size of an
element being resolved ee will change, depending on the distance of
the element from the center of the field of view (Fig. 1.19):

MIi
,%,

,,_,,It s¢_.,'¢_............... .
I 2 ,L _ 2 t_

As is evident from the formula, the resolution, decreases in
proportion to the square of the sec of half the viewing angle, i.e.,
it drops sharply at the edges of the image.

A peculiarity of a spacecraft is its constant motion with
respect to the object observed (with the exception, of course, /47
of the intraspacecraft space television system). This movement is--
complex, since, besides orbital motion, a satellite has inherent os-
cillatory or rotational motion. As a result of this motion, during
the exposure time of a television frame, movement of it takes place,
affecting image definition.

It is customary that movement of a frame during the exposure
time by an amount A _ 1 is considered to be acceptable in practice.
The actual movement can be found in a simplified way from the
following formulas:

In linear motion A ,-gTe.z
I

elements, where v is the AES flight speed, To is the target lllu-
mination time (exposure), L is the linear si_e of the observation
zone and z is the number of lines or scannins elements:
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In rotational mntinn -_,, !"_ :1

e]omentfl_ where m In the angular veloelt._ and 2_ is the vlew_n_
an{_lu.

Tho oonnectlon of defln_t;Ion or reso].}ll,l,_n tO Ima£e
interpretation Is well-knownlnphotography.l

Th_ monotonic relation between interpretabil_ty of television
Images and resolution of television systems is illustrated by
the graph represented in Fig. ].20. The interpretation probability
is plotted on the ordinate and, on the abscissa, the resolutl,m,

a quantity which is the reciprocal of the resolution thresh-
old of the two lines.

Sensitivity of a space television system is determined by the
minimum illumination, at which the system gives an image of the
object with the assigned definition.

A peculiarity of space television systems is the necessity of
transmission of remote objects, havlnz reduced contrast, 'in dis-
tlnctlon from studio broadcast television transmissions, where the
contrasts of the objects transmitted reach values on the order of
0.6-1.0. Therefore, in the maJorlty of cases, the sensitivity of /48
a space television system must be determined at low contrast.

Illumination in the plane

'_ of illumination of the object
_ (terrain) BM is expressed by the¢_ formula

Resolving uower ii_::_/_ii_°

Fig. 1.20 Probability of 4
interpretation of a television
picture vs. resolving power of where 0 is the lens speed or
the system and signal-nolse aperture ratio, 8 is the coef-
ratio q ficient of reflection of the

object and TO is the trans-
parency of the medium and lens.

IThis conclusion, based on ael,ial photography experience,
clearly concerns resol_tlou, measured by means of a globe
containing two lines, which is distributed in England [35].
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As Is evident from the
, ,: i : i

_,,, ! . ! ; formula, _llum_n_tlnn in the, , , , _, plane of the photn].ayer does not

_'i'._' ri/I' , , :: depend on the distance to the

Ii, !: .... ' the object and the characteris-
_ ' ' ' i ' tics of the optical element,
I". illumination of the photolayer

:_ :_".:,:,!'.',_.;__ ,_AI_,, is directly proportional to the
transparency of the medium.

Fig. 1.21 Transmission coef- Therefore, it is necessary to
ficient of atmosphere vs. take account of the variability
wavelength in the presence of of the medium in calculations.
moisture Thus, for example, the trans-

mission coefficient of the
atmosphere vs. wavelength in the

ii_ _ presence of molsture and for

_ different times of day are shown
in Figs. 1.21 and 1.22, from
which it is clear that the trans-
mission coefficient of the atmos-

phere vs. wavelength and obser-
vation time change strongly.

u ......._" "_- i;.-"}i;......_ .YJ_rs In planning television systems
for meteorological purposes, the

Fig. 1.22 Example of change in sensitivity of the system
transmission coefficient of determines the length of operation
atmosphere for R = 0.55 _m in in the course of a day. The
the course of a day amount of light energy reflected

by the cloud cover, earth and
expanses of water depend on the latitude and longitude of the /49
location, the date and hour of the day, and condition of the atmos-
phere and the surface of the earth.

Isoluxes of illumination of the earth at 30,000 ix, as a
function of time of year, day and terrestrial latitude, actually vs.
sun height, is presented in Fig. 1.23.

• _ _ I The transmission distance
_ /// ....... is determined by the well-known

_ . _,._ formula
,,;I_'--_T-3.....

\ ........ (1.15)

o_ ; _v_ _ _-_ where Pt-' o_.,are the power and
months gain of the 6hboard radio trans-

Fig. 1.23 Isoluxes of mitter antenna, Ar_ Is the
illumination of the earth at effective area of _he receiving
30,000 ix vs. time of year, antenna, k is the Boltzmann
day and latitude constant, T ° is the absolute
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radio receiver Input temp(_rature, W is the r_dln receivo_ no_.s_.
fnctor, F Is the video fr,equeney brlnd, q is the _equired _Czn1_1-
nolBe ratle in a large detai:l in the r#_d_o ch_nnel.

The dependence of the prebabl]Ity (H' Intorpretatlon of an
imat;e P___ on definition N of a fr.ame and the signal-noise ratio q,
as well"_ relation_ (].14) and (:[.15) permit chanF,inl,,from the
plwnnlng criteria (P___, L, B, R) to criteria equivalent to them

(Z_, q, F, I_). Sel_ion of the values of the criteria (z2q, ],_

depends on the characteristics of tl_e observed object M: area I_- .
of its optical Image on the pho_olayer, speed of movement vn, ba_k_round illumination B_ and contzast k (or drop In illumination AB).
Therefore, the condition for feasibility of the system (Fig. 1.18)
can be written in the form

_:_,q, I", If)16(_ _, q, F, l_ req,
. k, lie).I C(4' uo,

(1.16)

The valses of the planning criteria required by a technical
task are in the right portion of condition (1.16) and, on the left
side, the values calculated from the chsractoristies of system
components and object characteristics known a priori.

In planning a broadcast television system and in establishment
of GOST 7845-55, a condition of feasibility of the system similar to
(1.16) was satisfied. However, the specifics of planning a broad-
cast television system appear in requirements for matching image
quality on screens of television sets with the human visual analyzer.
It, in particular, appears in the requirement of the absence of /50
flickering of the frames and creation of a visual illusion of cont -[_-
nuity of motion. This matching of the television image with the
visual analyzer sharply restricts the range of objects reproducible
and efficiency of transmission of information.

Predominant in the specifics of planning a space television
system is matching the television parameters to the characteristics
of the object observed, for the purpose of satisfying condition
(I.16). In thi_ case, flickering of the frames is not an unavoid-
able requirement, since making photographs from the screen, with
subsequent interpretation of television photos, is permissible.
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1.5 Effect of Linear and Noise

In television, it Is customary to consider, a television system
as a multicomponent, two-dimensional £111ter, converting an optical
image Bn(x, y) _n a flat light-sensltive layer into an 2ma_e
B(x, y)_on a picture-tube screen. The main components o£ this two-
dimensional filter are the followin_ (FIB. 1.24): An optical-
electrical converter (transmitting camera) convert_ the three-
dimensional function Bn(x , y) into a function of time m(t)(video
signal). Video and ra_io channels are examples of typical filters,
operatin_ with a time function and, finally, the picture tube serves
as a filter [16], coverting the time function (video signal) into
a spatial one B(x, y)(image on the plcture-tube screen).

We will consider each of

yldeo. _ eye overall television apparatus asworl_ lens tube cnannei p cure the components listed and the

Krift(_(_ ) _(_) _j_) _ a linear, time-invariant filter.This examination permits use of
the mathematical apparatus of

Fig. 1.24 .Linear model of the Fourier transform for anal-
television system ysis of television apparatus.

In conformance with the mathematical apparatus of the Fourier

transform, each component of the linear model of the_sy_t@m is
described by a transmission function KI_) " JK(_)I/e I¢(_), usually
given by the amplltude-frequency [K(m)l and phrase-frequency ¢(_)
characteristics or by a pulse transition characteristic h(t).
Both types of estimates are fully equivalent, since functions K(_)/51
and h(t) are unambiguously connected by the Fourier transform

IK (,.)e''"d,,_
:P !!.t . ,/_

I'

,,,,_ ] hff)e_'"_,/!
.... (l.17)

where _ equals two _f.

The filter should s_tlsfy the Paley-Viner condition [3]:

'l'":A_:'.(/)l._< _.• I_;_ (1.18)
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Oondition (1,3.8) means that the amplitude-frequency character-
Istic K(f) nf the filter cannot be equal to 0 in a ,egment of the
freql_ency axis and cannot decay exponentially. Numerleal estlmfltes
of the amplltude-frequency ehara,_terlstios g(f) _f a low frequency
filter, satisfylnR the Paley-Vin_r cond_tlon, are:

-- Area-equlvalent width of _haraoteriflti_

I,_I'K(hd_,
(I

-- Power equivalent width of characteristic

,j*

J:, JK (/),1/.
II

-- The width F characteristic by apparent level of decay from
1 to the value K0, e0qual, for example, to 0.7 or 0.5 or 0.12:
K(F0) - K0.

The method of estimatin_
linear distortions, by means of

._ "_'--_. Fourier analysis is the most
highly developed in practice,

_" [-"_'/-'_-_--_- with reference to one of the
u ,' television system components,

Fig. 1.25 Explanation of the video amplifier, operating
concept of steric frequency with time functions [17].

However, the mathematical
apparatus of the Fourier transform holds true for the function,
regardless of whether it is the argument of the functions of time
t, space x or two spatial x, y coordinates, or all three coordinates
x, y, t. Precisely as for the time harmonic u(t) = Unsin 2uft,
there exists the concept of time frequency f = i/T(pe_iod/sec), for

/. 1the steric harmonic B(x) = -_- _ili'.';,v._)(Fig 1.25), /52

there exists the concept of "steric frequency v = I/_(period/n_n).l

In scanning devices ( ca,hera tube and picture tube),
conversion of the steric function into time and vice versa is
accomplished. In scanning at a constant rate'v(mm/sec), the time

lOne of the first works, in which a Fourier analysis was
applied to the steric functions (images), is the widely known work
of R. Hartley on information theory [18], created as early as 1928.
Together with the term "steric frequency," R. Hartley used, by
analogy with optics3, the term "wave number." In television, another

' measure of steric frequency frequently is used: 2v£ lines in line
of length _.
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_nd Bt_rio frequenoles are aonneeted by the simp].e relati(}nshlp
f m vv.

A _ur_.er t_nsfo_m f(_rt_(_-dlmenBiona]._CltB_B, With a puls_
_ranBitlon ch_racterist_(_,l hCx, y)j the _r_iJment_i_)f which are twn
sp&ti_l ccerdinate_ (x, y), h_s _ ('(_'m_Imilar to that of expression
(l.Z?):

m

, . I. |'|'_.. . 11(_)A.,.tI,_tl). .

#

e_ _o

With circular symmetry (as frequently will occur in optics), two-
dimensional Fourier transform (1.19) are reduced to a unJdimensional
Bessel transform, b_ means of change to polar coordlnat,_s [19]:

-L ,/or)I_I(r) =-. _'r_

t

h'1.,,12n.l'h(r).I..1..,r)nh"
0

where r is the radius-vector, Jo(_rf) is a O-order Bessel function.

Subsequently, we will use unidimensional (space or time)
Fourier transform (i.17), assuming that all the results obtained
can be formally distributed, in the case of two (or more) arguments.

By means of the multiline Foucault globe2 of maximum contrast,/_5_
which are contained in the standard test table TIT-02_9 [i_],
,,, , ,,

1Because of the still unestablished terminology in various
branches of technology (mainly in optics and photography, on the one
hand, and in television and radio engineering, on the other), both
the pulse transition characteristic itself and its nume_ical param-
eters are known by various names. In optics, for example, the two-
dimensional pulse transition characteristic h(x, ¥) is called a
scatter diagram.

201obes of black and white lines of equal width were used by
Foucault for testing the quality of optical lenses [20].

_5
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moanurements of the _patia:l. amplitude-frequency oharaoterlntlo nf

the camera are made K1 9(v) - K,_)g2(v), where gl(V) t_ th_ lena
chara¢,ter, latlo and K2"_'_'_ "t_ I:h,tl. he _,h_rt_,oter, i,t_c,,

,,. ,! oI ' ,

¢ _#Q j'l,'O.300 _l_0 ._ll/_ _0# ;Pl;/I # ,?#d (,l#t _J_ ,.lj_l I#,l,'_ t,'P,
numMek'of lines number l_nes

c) D'l_,. 1.26 Amplitude-frequenc,v
=._._ ............ characteristic of television

_, _ .......... transmitter tubes with lenses:a) superorthicon bulb diameter

_,_" _ 76 mm (curve i)and 113 mm
(curve 2); b) vidicon with bulb
diameter 25 mm (curve i) and

_... _0 mm (curve 2); c) _1 w ,,(.,at_

'g, ...... i............ _-_. , • vidicon with bulb dia-._ _. _.,,,_,,.',_,_._,, ;_,_v.,_,',_meter 25 mm and Industar-50
number nf lines lens.

An example of such characteristics KI, >(_ ,s given in Fig.
1.26, where, instead of sterlc frequency v_ 5e_lo_/l_Nl, the numbe_' of
lines 2_£- _. is the length of a line on the photo layer) Is plotted.

on the aDsclsBa. Characteristics KI,2(v ) do not disclose limitations
as to steric frequency.

A numerical estimate of the resolution of' a broadcast

television system, by width _A of the total amplitude-frequency
characteristic was presented In work [21] and

K_iv_) A, where _ O,l:L (1.20)

The readout level h = 0,12 in equation (1.20) was selected from
the threshold contrast of the eye, which resolves the lines of the
globe on the screen of the television set [21, page 126], Account-
ing for the effect of camera noise on the screen of the television
set, within the framework of this method of calculation of reso- /5_I
Jut:los, is reduced to an increase in the contrast threshold, i.e.,

L
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r ...... ] -_

an Increase in the readout level in oquatlons (1.20)

K_ (vAn) . An , wh_u,(_An _ A,

The results of'811owi!]_ for tile effe(_t Of noise :In th_s l,annol_
f_ro illustrated by t_o _u_Iotl]atod f_,raphs in works [2P-24]_(l"IA, 1.27)0
They eonslst of tile sons,us:fen that, with sIEna]-nei_.,e ratios abow_

5, no_,se prltstl_tJl].y does nO_ re(|uo_. _ the ro, sollll;:!()n Vh, o.l_lou-
fated from equation, (i, 0

,,-, [ We used the method of cal..

,_ ,,.. ! eula_in_ the rosoll|i,lnll

I

/_ by aolutlon of oquatlon (I._0),

tRklnl_, account of the effect of

noise within the framework of
this equation, in broadcast
television, but, in :_pace tele-

! I _L. vision,using,,ther souroesof
.....'........",_-' z ',,_i"_/ video signal contrasting re-

signa[-ttolsoin _.ar_edetail quires another approach, which
Fi{_.1.27 Resolution vs. sisal- is set forth in section 2.5,
noise ratio in large detail ; i) from data
of work [4]; 2) from data of work [23]; In broadcast television,
3) from data of work [22] the r-selvlng power of visual

analyzer is the basis of
dlscretlzation of the optical image perceived by the television
system. The resolving power of the eyes over time permits dis-
cretization of the transmission of a natural scene into sopLu'ute
frames. The framerate chosen in television, 25 frames/see, is
sufficient to create the optical illusion of smoothness of motion of
objects and to eliminate flickerin_ of the frames. The finite
angular resolvin_ power of the eyes permits discretlzation of a
television frame Into z l:[nes,2

IAn approximation of the amplitude-frequency characteristics
by the exponents was used in the calcu]ations, which does not satis-
fy the Paley-Viner condition.

_Vlsual observation of a frame on the screen of the television

set, from a distance equal to five frame heights, corresponds to
a viewing angle of about ii °. Wlth the angular resolving power of
the eyes equal to one angular minute, the required number of lines
in broadcasting is obtained, z = 11.60'/i' = 660 [I, pa_e 51].
Similar reasoning was used in textbook [2, page 141]. However, the
figure presented should be multiplied by 2, by virtue of determina-
tions of the angular resolution from the distance between two
black lines separated by a white line [21, p. 49]. Moreover, the
angular resolution oe the eyes is measured, not by the multiline
Foucault globe, but by Landolt rin_s, which are close to the two-

line Foucault globeQhis change also can lead to doublln_ z._. (sec-
tion 2.5). As a result, the calculated figure Zre q = 660 _B_uld be
quadrupled.
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Discr_tlzatlon of the lines into z elements takes place D /55
either in the visual analyzer or by use of a pulse readout in the
enm_r_ tube. As a rosul_, a television frame can he repre-
sented as consisting of N , z= raster elements, which are squares
with sides equal to the line width, in the first approximation.
Discrete images, like a mosaic, made up of squares, are widely used
as test patterns in television. A test pattern in the form of a
checkerboard or the main details of the generally known TIT-0249
can serve as examples [14]. Such a discrete television image can be
represented analytically, in the form of a pulse unit vector ex-
penslon or geometrically, in form of a N-dimensional vector. It is
well-known that any discrete message can be represented by a unit
vector expansion

N

,,un _mk_(t), k_l. 2,.... N, (1.21)

whe re

The set of ¢_(t) unit vectors, called a system of base func-
tions, satisfies the conditions of orthogonallty and standardization:

_i(tl_k(1)dt :_-6/_ = ]:=k,
lCk,

where 6jk is the Kroneker symbol.

Spectral unit vectors (i.e., the sines or cosines in Fourier
series or a Fourier integral) and pulse unit vectors are most wide-
ly used. Among the pulse unit vectors, unit vectors in the form
o_ nonoverlapping_ rectangular pulses of duration At are the most
graphic (Fig. 1.28a)[3, page 209]

I'q_(t) I_(kA/),.. -i,A/; (k.-.llAt, l_kAl,
0 at'remainlngt. (1.22)

where

It is easy to verify that the set of N square pulses (formula
1.22) satisfies the conditions of orthO_onality and standardization
(pulse energy equals unity). A series expansion of a discrete
message by square pulse unit vectors.

N

,.tO %',._n(tkAt), (1.23)
k.1
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where ,Jl, ,_ lllflJl_(! _,_ijtl!

.J. 7

.J"] _ .

_g

Fig. 1.28 System of square puls_ urlit vectors /56

What has been said for a discrete time function m(t) holds true
for the spatial function m(x, y). Spatial unit vectors g(kAx, JAy)
in this generalization, will be squares of area AxAy (in which ax
. Ay), which are shifted relative to one another by an amount Ax
and by. Fig. 1.28 illustrates spatial unit vectors for a system
containing 25 square spatial vectors (squares). A discrete, two-
tone image, consisting of 25 square elements, is presented in
Fig. 1.29.

Coefficients mk express
the tone brightness (gradations)
of the squares. In communica-
tions theory, not only is the

i analytical representation of a
discrete message m(t) used, in
the form of a sum of N terms
(formula [1.21]), but a geo-

Fig. 1.29 Discrete, two-tone metric representation of it, in
image of 25 square elements the form of an N-dimensional

vector, the coordinates of which

are the coefficients mk of sum (1.21) m i (ml, m2, . mN).

Geometrically, we represent a discrete television frame, of
N elements in the (x, y) plane, i.e., by a two-dimensional space,
by a vector (or point) in N-dimensional Space. In this case, a
complex object (for example, a television fram_ in two-dimensional
space is replaced by a simple object (vector or point) in multi.
dimensional space [6, page 438].

Let us examine the properties and manifestation of noise in a
linear television system.

The decisive effect of noise on evaluation of the quality of
diverse systems was clearly formulated in information theory [4-7].
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Sources of television system noise are shown in Pi_, 1.30,
The principal source of no_se _n translnJtter camem.s is the elec-
tron flux of the _-ube or the first tube of the video

amplifier, Noise of this orif;_n u_u,ally is oa].]ed shot noise, /__2Z
Shot noise is a miami,esq.'epic manifestation of the d_+mu, ete nature of
the ele(;tron f]un. Th:l,nmean:_ that each "little sound" ob:_erv()d,
for example, in _n oscil]o_eaph of tlle noise ppo(',es_jI_ a _,esult of
tile action of, [lot a sini_,leelectron, but of a quite lar_,e number of
electrons,

A mathematical model of noise is a steady-_tate random proces;_
n(t), satlsfyin_ the condition of re_,ulaz,ity [[26]. The paramount
statistical characterlsticsof steady-state random process n(t) are
the first order moment, the mean value of n"_, and the second order

moment, correlation function _m(_).

A requirement for a steady-state means that the video signal

autooorrelatlon function @m(_) and, consequently, its spectral power
density am(w) are invarlant over time. As is well-known, the auto-
correlation function is defined by the expression

_,/

_---"_,-_ar_-_rpa.___ __ I The spectral power density

_L_ _a_= ! is_ a_slmPulec_ou_le_ltrnanSofO_ms
Of Dne a P J

i'i.e,_

" *,

Fig. 1.30 Structural diagram of The spectral density S_(f)_58
television system with noise is understood from the expression--
sources for video signal power

' I ,,.....!.

In this formula, the quantit_ __(0) is exp_'essed in watts and
S (f) in watt-seconds. Function m-(t')'is the mean square of the
v_itage, in volts per resistance of one ohm. Since tile autocorre-
latlon function @_(_) carries information on the statistical con-

nections in the vTdeo signal, the spectral density S (_) containssimilar Informab!on. In the absence of statistical '_onnectlons in
the video signal, the autocorrelation function equals the _ func-
tion, i.e., _(_) = _(_), and the spectral density is independent

of frequency,"'i.e., S_(f) = const. The presene.e of statistical
connections in the vi_eo si_nal causes expansion of the autocorre-
lation function or a drop In the spectral density in the high
frequency rei_ion.

50

00000001-TSE03



In d:l_tlncl;:lonfrom pulses, having a finite duration and, as
a consequence, a finite energy, random, steady-state process n(t)
does not tend towards zero as _®. Therefore, the noise energy
equals infinity:

-qD

However, the noise power n(t)is a finite quantity, for which a method
of measurement is known. This permits the concept of spectral
density of the power S.(f) to be introduced, the integration of which
gives the value of the"nolse power [26, 27]

• I,. .,IS.dl,P,
n

Measurement of the noise power and Spectral density is wide-
spread in tele_islon practice. Usually, the ratio of the peak video
signal power U_ _=_ (the square of the voltage spread between the
black and whlt_ _fitrol levels at a resistance of one ohm) to noise
power is measured [14]:

.l's,,(1)IKff)l_,i!
41

where IK(f)l 2 is the square of the amplitude-frequency

characteristic of the part of the system through which noise Sm(f)
passes.

Similarly, the peak signal-nolse ratio q determines the signal-
noise ratio in the problem of detecting s video signal on a back-
ground of noise [28].

To detect a video signal, i.e., to obtain a response to the
question as to whether there is a video signal oz' not, with an esti-
mate of the television system quality which is too low, is complete-
ly unsuitable for television. Therefore, parameter q usually is /59
used in broadcast television technology for another task, evaluation----
of the visibility of noise on a picture-tube screen. Since the

quantity Uc _axlK(O)l is established as equal to the dynamic (volt-
age) range oI the picture tube, the quantity which is the reciprocal
of the peak signal-noise ratio determines which portion of the
dynamic range the root mean noise value occupies. Experiment has
shown that there is such a limit to the peak slgnal-noise ratio
Q_4_ value, exceeding which q_Q_, the noise becomes practically

u_ticeable on the television s@_"'screen and, at values q - q14 m,
the noise is scarcely noticeable. The value of q_ fluctuat@_ from
31 to 49 db (i.e., approximately from 30 to 300 t_s)[l_].

However, the harmful effect of noise appears, not only and not
so much in its visibility, irritating the observer, as in masking
by it of a useful signal. Noise is a false signal, masking the
useful video signal and, thereby, prevents obtaining videoinforma-
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tlon from _he objects being studied in the prooess of observation
of television images by man. The masking effect of noise on small
details of an image will be considered in section 2.5. It should be
noted here that the amount of useful video_nformation extracted by
an observer from a television image depends on both the means of
noise control used in the television system and on the degree of
perfection of the noise control mechanism established in the visual

analyzer. _

_____ An experiment was carried

out to evaluate the ability of
the visual analyzer to filter
out a segment of a three-dimen-

.... sional sinusoid on a noise
t background [28]. It consisted

of measurement of the value of

Fig.characteristic1.31 Amplitude-frequency the signal-noise ratio q -
corresponding to the visual qth'

of narrow-band

filters detection threshold, as a func-
tion of the sinusoidal signal frequency, at a given value of the
resonance frequency f, of the filter, throuGh whlch white noise
passed. The measurement was carried out in the following manner.
White noise was passed through one of the pass-band filters with
resonance frequency f_ (Fig. 1.31), it was mixed with a sinusoidal
signal frequency f. ahd supplied to the input of the video ampli-
fier of a televisiSn set wlth a 47LKIB picture tube. In this case,
an image in the form of a band appeared on the television set screen
(Fig. 1.32). The ratio of the effective value of the slnusoid to
the root mean value of the narrow-band noise q was measured at the
plcture-tube input. By increasing the effective value of the sin-
usoldal signal, the observer established the signal detection
threshold on the background of narrow-band noise, at which he could
count the ,umber of bands on the plcture-tube screen, The relation
found is prese,lted in Fig. 1.33. It follows from analysis of curves
i, 2 and 3 that the the visual analyzer, in the region of low steric
frequencies, distlnguishes the slnusoidal signal on the narrow- /60
band noise background better, the greater the spread between

frequencies t. and f_ (the threshold signal-noise ratio qt_ forms a
maximum when _. coinbides with f_). In this frequency region, the
visual analyze_ is similar to a filter, automatically adjusting on
the 8inusoidal signal frequency. In the region of high sterie
frequencies, attenuation is observed in the ability of the visual
analyzer to filter out the sinusoldal signal from the noise. The
maximum of curve 3 in Fig. 1.33 becomes flat, and curves 4 and 5
increase monotonically with increase in frequency f,. This can be

explained by the fact that, with increase in frequency fc' the
visual analyzer gradually loses the ability to adjust on the signal
frequency, since its amplitude-frequency characteristic expands. /61
Beginnin6 with a certain steric frequency of the sinusoldal signal?--
the amplltude-frequency characteristic of the visual analyzer does
not readjust. It should be noted that the bendin_ curves represented
in Fig. 1.33 by a dashed line corresponds to a monotonic increase
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in the threshold of visual detection of a sinueoidal signal on a
background of wlde-band Gaussian noise (white noise,
passing through a broadcast television system and picture-tube
channel., with increase in sinusold frequency f (see curve 1 in
Fig. 1.34). For comparison, curve 2 is given i_ Fig. 1.34, showing
the weak dependence of the sinusoidal signal detection threshold on
frequency, on background of wlde-band Gaussian noise, during visual
observations, not of a plcture-tube screen, but of an oscillograph
screen.

m
Fig. 1.32 Image of steric sinusoid on video
monitor screen: a) without noise; b) on a

_,, background of.narrow-band.,noise

y
_e ............ ,................................ /- For an estimate of the

•_ ts ability of the visual analyzer

_._6 .....................................to suppress various sections of
U

_#'_* process of resolving flne
details, measurements were made

'_ _, .'2"5./

in an experimental unit, astructural diagram of which is
...........L........i....... presented in Fig. 1.35. The

frequency, MHz signal sensor generated a two-

Fig. 1 33 Curves of detection pu_esignal, which was mixed' with narrow-band noise. This
threshold of sinusoid at frequency narrow-band noise was formed
f_ on background of narrow-band by means of extraction of a
nSise, passing through filter with spectral section of white noise,
resonance frequencies f_ of I) 0.2
MHz, 2) 0.5 MHz, 3) 2 M_z, 4) 4 MHz by means of one of the filters
5) 6 MHz in a filter unit. The ampli-

tude-frequency characteristics

of the filters, with resonance at frequen_ f_, is represented in
Fig. 1.31. The mixture of the two-pul_e s_n_land narrow-band
noise with frequency f was supplied to an oscillograph and a video
monitor (VM), mounted bn the base of s television set with e 47LKIB
picture tube. Photographs obtained from the VM screen are intro-
duced in Fig. 1.36. The experi,_ent consisted of having an observer
examining television images of two lines on a background of narrow-
bend noise from a fixed distance (600 or 1250 mm), and the distance
between pulses was increased, by regulating their movement untilthe
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_ i moment of appearance of reso-
lution of the two lines. As a

._ _.... I result of the observation, a
aurve of the resolution inter-

_'_; I val T (_ sec) of the two pulses

_ / vs. resonance frequency of the
_._._ pass-band filter forming the
e_ l narrow-band noise w_:_ _bt_:_n_d

/_g_ (I,'_...37) The fol].owln_ can

._._,....................................be eonolud_d f_'om the figure:

-- All spectral sections /62_._ _ ............................; of the noise interfere with

_,_ -.--..-- resolution of the two lines;

f_e_ency, MHz -- A narrow-band noise

Fig. 1.34 Threshold signal-noise with higher frequency f_, i.e.,ratio in detection of sinusoid in the high frequency section of
Oaussian noise: I) on television the noise spectrum, masks the
set screen; 2) on oscillograph lines more strongly.
screen

The latter conclusion is

........ L----u_,_-_ based on the fact that noise

I..... _--i =_-_ I pattern acquires a finer

_ _ aph_'i _ r------11 dlmensionsStructure'approachingof the

er the lines. This factor, in
combination with the drop in
the amplitude-frequency char-
acteristic of the visual anal-

vn-6_ F_l_li_r yzer and the picture tube _n
Igener_to_ uni_ |
--. _ the high frequency region (the

i power of the high-frequency
O S(

_e_e_ sections of the noise spectrum
chokes more strongly) leads to

Fig. 1.35 Structural diagram of the appearance of a weak
! measuring unit for study of reso- maximum in the 'Fig_ 1.37
; lution of two lines on noise curves. With increase of

background distance from the screen from
600 to 1250 _,m, the amplitude-

frequency characteristic of the subsystem picture tube plus visual
analyzer drops more sharply in the high-frequency region, which

i causes displacement of the maximum to the lower-frequency region
and deterioration of resolution.
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Fig. 1.36 Two lines on a background of narrow-
band noise (photograph from videomonitor screen:

a) fr = 4 MHz, b) fr = 6 MHz

,,.,..,
I_/Ih

frequerlcy, i¢_Iz

Fig. 1.37 Resolution interval of two
lines _ vs. mean frequency f_,of
narrow-band noise, at examln_tion
distances of 1250 mm (i) and 600 mm (2)
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2, _UNDAMENTAL$ OF TELEVISION THEORY

2.1 General Information

Television theory is based on theory of optimum reception and
information theory. Inclusion of the theory of optimum reception is
caused by the fact that a television system contains, not only a
radio receiver, in the umbel _ens,> of of this term (in
broadcast television, this is the television set), but a specific
receiver of electromagnetic waves of the light range, the tele-
vision camera, on optimum design of which the light sensitivity of
the system and quality of the television image depend.

The measure of information is used in television for evalua-

tion of the technical image quality. The connection of quality of
transmission of an image with the degree of information was noted
in the work of Hartley in 1928 [_8].

It is well-known that, in the work of Kotel'nikov in 194714],
a theory of noise proof (optimum) reception was set forth, without
drawing on the measure of information. Information theory was Set
forth in the work of Shannon in 1948 [6], from the point of view
of noise proof coding. Elimination of the disconnections in the
accounts of the two theories mentioned became the purpose of work
[3, pp. 5-9]. The requirements of planning space television
systems also need elimination of these disconnections.

Let us examine the basic concepts of information theory and
theory of optimum reception. The basic aspects of information
theory and optimum receptinn theory were formulated, with reference
to discrete messages and, first and foremost, to a language text.

In comparison with energy, the concept of information is
incomparably more complicated, since it includes semantic and
emotional aspects. Information Is such a complex concept that the
apparatus of modern mathematics obviously is inadequate for crea-
tion of a quantitative measure of information. Another, narrower,
specialized concept of information arose in communications theory,
to which the term "nonsemantic information" can be applied. /65
Extraction from the broader, but mathematically unformalized con-
cept of information of a narrower, but formalized concept of non-
semantic information was a revolutionary event in the creation of
information theory.

Information theory was first worked out by Nyquist in 1924 [6]
and Hartley in 1928 [18]. These works responded to the requirements
for improvement of communication transmission systems, first and
foremost, bystems of transmitting a text by telegraph.
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Leanln_ on the atrusture of the text and its transmisslnn in
Morse code, the authors [_6, 18] essentially used a model of dis-
crete communications, which was represented In the form of a
sequence of N symbols (letters, numbers, elements)

.,i.m,_,...,m_,,,..,ml^), i O,l..... JI I. (2,1)

Each of the symbols mlkhas a set S of poaslble values, an
alphabet:

It had been noted aR early as work [36] that the number of
possible sequences M = Ss. An important feature of this work was
the assertion that two codes (sequences) should be considered
equivalent in difficulty of their transmission 1;hrou_h a channel,
if the number of possible sequences is identical, i.e., the follow-
in_ condition is satisfied [36, p. 343]

$_ ¢orlst or Nh,_S_ co:lst. (2.2)

However, it was not stated in this work that expression (2.2) can
serve as a measure of information. The concept of information rate
was introduced, and it was proved that, for a system transmitting
a given number of symbols per unit of time, the rate [36, p. 343]
v - c log2S where c is a constant.

The concept of nonsemantlc information and quantitative measure-
ment of it was most clearly set forth in work [18]. For an evalu-
ation of a transmission system, "psychological," i.e., semantic and
emotional, factors had to be excluded from the concept of informa-
tion. This approach meant substitution of a real, discrete message
(text), which is semantic by its nature, by an abstract, nonsemantio
model, in form of that sequence (2.1), in which each symbol m_ is
the result of a random selection from the alphabet. The numbe_ of
such nonsemantic messages was determined by the quantity (2.2). A
quantitative measure of information is proportional to the number
N of primary choices of symbols from fihe alphabet:

t; i,_S_ NI,,_S. (2.3)

Formula(2.3) shows that the measure of information is the
lo_arithm of the number of pocslble sequences of symbols. It is
clear from it that, for messages with an identical alphabet (i.e.,
lo_S = const), the measure of information }! is proportional to /66
the number o_ symbols in the message, i.e., to the number of letter-s-
in the text. _

iAn evaluation of a book by number of typographical symbols(one author index contains 4 i0_ typographical symbols) can serve
as an illustration of the use of the measure of nonsemantic infor-

mation for evaluation of difficulty of storage of lanzua_e texts.
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Subsequently, ths bass two IoEarithm was selected as the
measure of information, With this praalne definition, a unit of
nonsemantic Informat_nn is one binary unit (bit), obtained from the
selection of one of two equally prnLmb] _ symbols: _

tl ,Vh_S, binary un_t_ (2.;t)

Subsequent development of the measure of information involves
deepeninE the statg_tlcal model of communicatlonB and drawin_ on
the mathematical appar.tus of probabilJ.ty theory [q-7].

In the basic work of Kotel'nikov in 191Vron the theory of
noise free (optimum) reception [4], a mathematical model of a dis-
crete message m was used, in the form of a set (ensemble)M of

sequences (2.1) of N random values mik (i.e., N-dimenslonal random
value).

Analytical representation of this model is the sum
A'

m_t) \'m,_(t), } 0.I,_.....AI l, (2.5)

where ,... j m,(O,la,(1)m

are random, unidimensional quantities and Ck(t) are unit vectors.

In this work, the geometric representation of a model of a
discrete communication was introduced, as a random vector in N-
dimensional space with unit vectors.

(,i,,(i)}:._,(.i,..m,:......m,_).,O, I,_ .....M I.

Deepening the representation of the possibility of substitution
of real messages by statistical models, of course, should have led
to establishment of a connection of measure of information with
the characteristics of random values. Such a connection was
established in the works of Shannon [6] and Viner [7] in 1948. It
was shown in work [6] that measure of information (2.4) is the
maximum value of the entropy of the probability distrlbution of
unidimensional random values, calculated in the partial case of
equally probable symbols m4_ from the alphabet (al, a2, . .., as)
and the independence of ne$_hboring symbols. For the probatility

distribution P(aj) of symbols aj, known a priori, the entropy in /6_
the symbol

,, binary unit
ll,(m,;,) Zl'((tl) lo_='_(liP'symbol

IThe provisional nature of the concept of nonsemantic informa-
tion can be illustrated by the fact that the answer to the question
of the tormented }lamlet, "To be or not to be," could be _iven by
him with a total of only one binary unit of information,
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The a priori sntrnpy r_ao.he.B the maximt_m with equal pr_habil-
ItieB:

m;l_IIi (m./J _I.g_..'_al_ I'(N,) t/.'4

]i',nsemble(2,(]) in aompened nf N independent, randnm, equally
probable values, eont_in,l,n_,M equaIJy probable _aquene,es. The
entropy of this ensemble

,%'

II(m):,': %,"II,(m._) /vl/,(m,_),

The maximum value of the entropy of the ensemble coincides with
formula (2.4):

:,_/l(m)_N.mxlli(mt_) Nh,iI=_ Iug=M.
(2.6)

This coincidence confirms that the entropy can serve as a
quantitative measure of the possibility of selection or indeter-
mlnacy, i.e., serve as a measure of the amount of information, which
is more general than the measure of information (formula 2,4).
A decrease in entropy from the maximum value was caused by unequal
probability of selection of symbols from the alphabet and, chiefly,
by the presence of statistical connections between the symbols in
the message. This decrease is evaluated by means of the statistical
excess 8 =

I tl(m)/Ul;l_ll{m); II(m) (I I$)lu;IxIl(m),

While, accordlng to Nyguist and Hartley, the number of texts
of N letters M - S_ - 2max M, according to Shannon, by means of
coding, taking account of the s_atlstical connections, this number

can be shortened to M 8 • 2(B-l)m_xH, MB aM.

It Is clear from daily experience that the number Me of
"intelligent" texts is incomparably smaller than M (i.e.,
M c _ M). It is evident that the prospects of compressing the
text (as with other discrete messages) depends on the ratio of the

values M_ and Mc, Shannon considered thatj by means of expanding
the statistical connections between letters in an artificial
language, a whole series of sequential approximations to a natural
language can be achieved [6, p. 253]. However, in no way did he
confirm the final results of these approximations (i.e., the

possibilities of an artificial language and a natural one coinciding
[6, p. 255].

In the well-known work[5]orXolmogorov (1956), concerning an

estimate of the number of intelii_ent texts (Mc _ "_'), he notes:

59

t

O0000001-TSE12



"The full usa of this fundamental possibility of 'tBxt cemprssB_on,'
of course, l_efl beyand the limits of what can be a_ompllflh_d, by
meanP of any system ef st,nn_raphy or _odin_ o9 texts, fol_.owlng
quite slmpls formal rules: The pattern of tho structurs of a real
language toxt wl_.] soareo]y b_ (_omplete].y formt_].ized at any time"
[5, P. '(l]. 'l'hismeans, from the mna:ll s_z_ of quantity Ms, no
eonoluslon can he drawn as to the sma:!In_sfl of the quant_t# M,,
which could ttervo _t_ an estimate of tile prospects of fltatlnti_al
method_ of text compr(_sion, Just ].iRe other types of communioat_on_8

The followlnL presise definition of the con(_opt of Inform_-
tion was connected with takln£ account of noise _md dofln:l.tlon of
a sIi_nal. A signal is defined as a physical carrier of %nformatlon
on a massacre. For example, electromagnetic radiation or an elec-
tric current can serve as such a oarrler. In the microscopic aspect,
these carriers of information are quantum (photon) or electron
fluxes. Fluctuations in the number of photons or electrons are
manifested microscopically, in the form of photon noise or current
shot noise. Therefore, any signal is a mixture of communications
and noise. Since noise, in distinction from communications, is
devoid of intelliEent aspects, it is quite completely reflected by
a mathematical model, in the form of a random function.

Information on a message is withdrawn by a receiver from signal
r which is the sum of the message m and noise n. Consequently, a
quantitative measure of information should answer the question,
how much information l(r, m) is contained in signal r = m + n,
relative to message m. It was shown in work [6] that the amount of
information for a discrete message m equals the decrease in entropy:

l(m.,_.m) llim) ll,,.,L (2.7)

where Hr(m) is the provisional entropy, called unreliability.

Formula (2.7) shows that, only in the idealized case of complete
suppression of noise [i.e., H_(m) = 0] and exact reception of a
message, does the amount of i_formation equal the entropy:
I(m, m) = H(m).

In the general case, the amount of information equals the
decrease in entropy from an a priori value H(m), not to zero, but

to an a posteriori value H_(m). The quantity H_(m) expresses theresidual indeterminacy, du_ to the presence of boise.

In this manner, the concept of nonsemantic information leads
to quantitative measurement of it, for discrete messages, express-

iThis question was examined in article [37], with reference to
television communications.
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lble by the difference in a priori and a paster_ori values of the
entropy, This peuult anntain_ an sl_m_nt of uurpr!ss, Thiu i_ that
it was completely unalear, whether or not meBflaEos dlffer, ln_, in
meanln_, for whloh a certain num_rlsa] measure wa_ _dontical, san
actually he oonsldered to be equivalent in dIi'fleulty or tran_,-
mission through communlaatlon 0hannal.fl and stora_:o in menlopy dsvloefl,
[5, P, YS], litturnnd out that such a measure exists and permltt_
solution of a broad aloes of prattles] problems.

q')lO (L'l_;11b]:l,.qhc_,l t'()rill!i]a t'(_l I (!D, l OIiJ|).IiiolI 0t_i l;]:Q 'llllOIllit

of information discloses still oth@r oporatlona, whloh ,just b¢;
carried out on the signal, for the purpose of reproduction of a uso,-
ful message. _'hese operations are formul.ated in optimum recept.l.on/69
theory [3, 4], which uses the same statistical models of communica-
tion of noise and signal au in information theory. The idea of
optimum reception Is most simply set forth, by means of a _eometric
representation of a messaBe and noise.

Let us briefly examine the basic aspects of the theory of
optimum reception of discrete messages [3, 4].

A signal enters the receiver input, which is the sum of a dis-
crete message and noise:

,., (t)I.,, _t). (2,8)

X

'_ E tt'_l_J'i (t),where ,n((t) --_nltkql_(I), i--A), | ...... , ,1|.--1, u_(t) - '
i,v I_ I

® -
in which ,,,_,:.! mt(t) _s,(t)dt, n,_ ,I n. (t__'i (l),l&

For simplicity, we consider the noise to be white, having a Gaussian
distribution, with zero mean value and dispersion S_/2i [3, P. 215].
Since noise is a geometric, random vector of infinite dimensions
n_, the input signal r(t) will be a random vector of infinite number
of dimensions:

,.. i,i..+ ,i®, (_.9)

where m¢.(m.,m,_,....mz.),n_,(..,._,_e.,_,,,,,),

This is the formulation of the problem in optimum reception
theory. Message ensemble (N-dimenslonal vectors) {m_} is known a
priori at the transmitting and receiving ends. Becafise of noise,
the signal (vector r_) does not e_aetly coincide with a single one

of the messages of the ensemble {m_}. Making a cholce_from_the
message ensemble, the transmitter _ransmitted message m4. r® enters

_he receiver input. Using the results of measurement of vector
r. and the a priori information, the receiver should select vector
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m_ from ensemble (m_}, which wnm transmitted (i.e., r_prodnce
t_e me,sage transmitted).

We list the information, which i_ con,idered to be Im_]wn a
priori in receiving:

i. N-dimenslonal space of discrete message, i.e.,
the set of N unit vector_ {¢k(t)};

2. The entire ensemble M of expected messages,
i.e., vectors {mi} themselves and the distri-
bution pattern o_ the a priori message
probabilities P{mi}.

For simplicity in the presentation, we will consider that all/70
messages of the ensemble are equally probable: ---

I

r,,,) i.,i 2...... I. (2.10)

Then, by formula (2.6), the entropy of the ensemble H(m) -
log2M, binary units.

Receiving a_message consists of selection of one vector of the
known ensemble {mJ), on the basis of processing of random input
vector _®, in thelpresence of the a priori information listed.

According to Kotel'nikov [4, p. 33], the criterion of correct-

ness of choice is the maximum a posteriorl probability, which, by
condition (2.10), is simplified to the minimum distance between
vectors. The process of choosing a vector from ensemble (mi} is a
process of adopting a solution as to which message was transmitted.

The ideal (optimum) receiver of Kotel'nikov carries out the
following operations:

I. _e measures the projection ri_ of random vector

_ in N-dimensional space of Uhe message, i.e.,projects the vector on the unit vectors

(¢k(t)}:
%

r,_ =!l'"t(t)}.tt®(Ol_k(Odt_m,k I n,,a .I, _.....N. (2.11)

_ set of N projections ru defines vector _4, which i
s a geometric realizatiSn of a signal at _he

receiver -_tput:

rI • _ n, where = (ril , ri2 _ . . ., riN),

- (nl, n 2, . ., nN).

62

#

00000001-TSFO1



I

It is evldent that vector _ earrie_ alI the
information of the transmitted message m_, but
wlth di_tortlon_ due tn noise; in,or matron of
vector 6_, "degeneration" _f the noise ve(_tor
takes place, _nce vector n of infinite number
of dimensions is projected _n N-dimen_ion&l
_paee, whi_h i_ive_ N-dimensional ve(_tor n as
the realization of the noise;

2. He calculates the distance in space of the
communication between each of the vectors and
the plotted vector

,V

,I,' 17, .,,I_" _ (,._ ,.,,,,,.
&'l

Distance d4 serves as m_terial for making a
decision: -That vector m_, which is character-
ized by the minimum distance, is selected as
the reproduced message. The rule of this solu-
tion is written in simple form

._i. I"_" "q. ( 2.12 )
I1)

In accordance with the two operations specified, the receiver/71
can be represented as consisting of two devices: A storage device
and a decision-making one (Fig. 2.1). The operation of projection

of vector r® in the message space can be realized, by means of a
set of N fiI_ers matching the unit vectors of the message, if
[3, P. 217]: I

Ok(t) " 0 at t <0 and t>T.

_,_ _o) Using the a priori infor-

mat.lon on a set of unit vectors
_ utlon {¢_(t)}, the pulse character-

m;,n;' {:_-m _)
_._.. is_ics h_(t) of the filters can

] "_ be selected as delayed andmirror-reflected copies of the
I' unit vector:

_!Tem°r_:lunit] hu(t) = c¢_(T-t), where c Is a
I I cSnstant. The response at the

Fig. 2,1 Diagram of optimum matched filter output
receiver of discrete messages

• .(•_I,'1ir,_(1)h(/--l)flIt,,(¢)l_,llIIthlt,

iAnother possibility of realization is used in a correlation
receiver, which contains N multipliers and integrals [3, P. 216].
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At moment t - T, the value of the response

ia

In this way, at the output of N mateh_d f_lters, we obtain
N projections of vector ri (of the output signal).

A matched filter, as is well-known, serves as an ideal pulse
energy storage device. The operation being considered is no other
than realization of the so-called build-up method. Therefore, we
call the device the storage device of the optimum receiver. The
storage device fulfills the major function of noise control. By
means of signal storage, the useful information contained in the /7___22
input signal mixed with noise is extracted to such an extent, that i

it beomes possible to select the message from ensemble (mi}.

The simple role of the method or principal of storage, in
creation of highly sensitive electronic television systems is well-
known (see editor's note on page 770 [2]). In television, this
principal usually is set forth in the historical aspect of appear-
ance of inventions putting it into practice in an electronic
instrument. In work [4], a mathematical description of the opera-
tion being discussed was given, without emphasizing the role of the
storage principle. It is evident now that the ideal receiver of
Kotel'nikov inc±_des this principle (true, as long as applied to
receiving discrete messages), in its geometrical interpretation as
a projection of vector _®[in:a message sp_ce of a finite number of
dimensions.

Synthesis of a receiver storage device of N filters, matched
with the unit xectors, provided coincidence of the sp_ce of the
output signal r4 with the space of the input message m_. This
permits changin_ to the following optimum reception operation, which
takes place in the decision device of the receiver (Fig. 2.1):

+

-- It calculates the distance d_ between vectgr r_ of the out-
put signal and each of the a priori Rnown vectors mi: "

-- A choice is made of one of the a priori known vectors m_,
in accordance with formula (2.12), i.e., by the minimum distanc@.

The a priori information should be set _nto the
receiver structure. For this, the receiver should have an opera-
tional memory unit, with a specific cap_city (Fig. 2.1). Calcu-
lation of the distances between vector r_ and each of the vectors
mi involves the receiver resorting to _h@ memory. From the calcu
lated distance, the minimum value of d_ should be found, which
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determines the choice of vector ml, i.e.) a deeislon i_ made.The time expended in the calculation det_rmine_ the deei_iontime,
which will depend on the memory e_paeity a,)l rate of examSnatlon
of the stored a priori information: 'l_es ','C V -, where C. is
the receiver memory capacity and V_h, _inary _i_sec is th_mrst_
of examination of the information _ the memory unit.

We draw attention to t_e fact that the ensemble of pure m_z-

_n;_:o_unm:Ix_d with noise {m_} is stored in the operational memory_of the receiver, by selectio_ of one of whlch, receivinL (reproduc

tlon) of the message is completed. The reproduced message wll I be
the same one unmixed with noise as the message transmitted m_.
Because of the presence of noise, the decision devi_e can m_ke an /7__/3
error and select, not message m_, but, let us say, _-I or m4+l.
However, in any case, the reproduced message will he'noise fgee.

The specifics of the process of making a decision appear here'

The choice is made, according to vector r_, containing a message ona noise background, but, after choice, th_ noise free message is
reproduced. Because o_ the presence of _oise, making a decision on
the choice of message _ from ensemble {m4} is characterized by the
probability of correct 9eception of less than unity and a probability
of error _reater than zero. The greater the distance between the
vectors (m_} and the less the length of the noise vector, the less
the probability of error. For practically reliable receiving of a
message, it is not obligatory that a theoretical estimate of the
probability of error equal zero. Experience in receiving a text
by te]egraph or everyday experience in reading texts confirms this.

• Comparing the basic concepts of information theory and optimum
: reception theory set forth above, their similarity can be noted, in

the fact that the idea of selection of a message from an ensemble
is used in both theories, true, from somewhat different points of
view. A quantitative measure of the possibility of choice is used
in information theory for evaluating indeterminacy. Attention is
stressed in receiving theory to making a choice as a decision-making
process.

A measure of information is synthesized, by means of an inte-
gral estimate of the probability distribution pattern of the entropy.
Such an estimate is statistical in nature, but it is not probabilis-
tic. The decision-making rule (formula 2.12) introduced above also
is not probabilistic. However, this is only the simplest partial
rule. Criteria were suggested in work [4], according to the maximum
a posteriori probability. Subsequently, the probabilistic approach
to study of the decision-making process led to extensive use of
various probability criteria encompassed by statistical decision
theory [3, 38].

Optimum reception theory enriches the conception of the process
of obtaining information and, in particular, emphasis on the
importance of a priori information in choosing a message.
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2.2 Brlnsins_an Q_ti_um Receiver n#

We turn to the _enerallzed structural disgram of a communica-
tions system, which is generally accepted in col,munlcatlons theory
[6, p. 245](Fig. 2.2). In the diagram, the receiver is separated
from the recipient makinR a decision on the message. There are
two definitions of a receiver: Including a decision-maklng devlce/7J!
(as in section 2.1) and without a decislon-making device. We_ exam_n_
the possible reason for the presence of two definitions below and,
until then, we turn our attention to the fact that the structural
diagram in Fig. 2.2 permits coding of a pure, nolse-free message in
the transmitter. The signal from the transmitter output is subject
to degradation by noise only in the communications channel. Some-
times, the presence of only one source of noise in the diagram of
Fig. 2.2 is explained by the fact that all noise sources are com-
bined into one. In calculation of noise power in the system, this
can be done. However, not simply an estimate of noise power is
important, but taking account of degradation of messages by noise
in the correspondin_ components. 1

We turn to the struc-
tural diagram of a tele-

__tr-_an_i_ _ ___._c_i - vision system with noise
mitt r_an _q ....[-= lientl sources (Fig. 2.3). The

_ U---J , , source of a message (image)
is a scene, an object of

I_ observation. The carrier

E of information about theobject observed is light,
i.e., electromagnetic

Fig. 2.2 Structural diagram of waves in the optical range,
communications system according reflected or radiated by
to Shannon the object. The optical

image is a macroscopic
description of the electromagnetic waves. The mathematical descrip-
tion of an image is a function of three Cmrtesian coordinates, /75
time and wavelength m(x, y, z, t, _). Image m(x, y, z, t, _) !
gives a description of the electromagnetic waves o£ reflected
objects, only on the part of useful information about the object.
Another theoretically inherent aspect of the description of electro-
magnetic waves is photon noise. Photon noise is the result of

lIn the structural diagram (Fig. 2.2), a transmitted signal
is a coded message, not taking account of noise, and the received
signal, is the sum of the transmitted signal and noise. Such use
of the term "signal" is not harmonious. We will apply the term
"message" to a message carrying useful information about an object
in uncoded or coded form, and the term "signal," to the sum of the
message and noise.
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macroecnpio appearance of electromagnetic radiation of a quantum
nature. Therefore, the mod+1 nf an optical[ s_gnsl reach+ng a
television system _nput is the sum of two funotions, Fener_t_d
simultaneously _nd theoretically _ndlvisible: Of the opt_oal image
and photon noise; _(x, y, z, t, _) = m(x, y, z) t, _) + n(x, y, z,
t, _).

Tube

Fig. 2.3 Source of noise in a television
system

Fig. 2.4 Generalized structural diagram of
television system

In the conversion process, the optical signal is distorted in
the television system components by the inherent noises of these
components. There is not a single component in a teJevision system,
in which conversion of a pure image (message) can be accomplished
in the absence of noise. A generalized structural diagram of a
television system can be constructed, which is represented in
Fig. 2.4. The diagram contains two channels and two types of
electromagnetic wave receivers: optical and radio range, and it
reflects the obvious fact that the television transmitting camera
is a component of the system, performing the function of receiver
of electromagnetic radiation in the optical range, to which
optimum receotion theory must be extended.

The difficulty in bringing into being an optimum receiver,
the concept of which is given in section 2.1, consists of
difficulties in creat%ng the storage device and resolver.

For cla:_'ity,we use a set of N unit vectors, in the form of
displaced square pulses g(kAt), of duration At and unit energy
(see section 1.5). Then, we present a discrete message in interval

67

#

00000001-TSF06



T, in analytlenl fsrm_ as

,%'

m,_n _.J,_l_(/ kAl), i I),I,'2......W I, (2.]._)
k!

where N - T/At.

We will distinguish two types of messages: _i_

i. Complexj the size of _ set of' which is _etermlned
by the quantity M = S", where N is the number of
symbols in the message and S Is the number of
symbols in the alphabet.

Just such a set of messages is analyzed in a
statement of the measure of information.

2. The simplest messages, for which the number of
possible messages is equal to the number of
unit vectors: M = N.

An example of the simplest one is a message,
which is a square pulse, coinciding with one
of N unit vectors:

N

where A is the pulse amplitude and 61k is the
Kroneker symbol.

Receipt of the simplest message entails the production of
an amount of information equal to log2N binary units, in place of
the quantity Nlog2S binary units, in _e first case.

One possible storage device consists of a mosaic.of filters
matching the unit vectors.

A matched filter is an ideal pulse energy storage device.
The signal-noise ratio at the output of a filter-matched pulse

s,--[ s,, ' (2.15)

where E = A_At is the stored pulse energy and S_ is the spectral
_enstty of the noise power at the filter input.

Applied to extraction of the current pulse of amplitude _I on a

background of current Z_ lees Fig. 2.5), formula (2.15) is trans-
formed to the form

V =kr ,
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where S - 2sI_ is the _peetral density of the background .urrent
shot no_se, Ne is the mean number of ha(_k_round el|o_t_ons, summed
over the puls_ time end

;$
is the pulse contrast.

Formula (2.16) coincides with the
1 ", previously introduced formul_ (.._),

_ -]__._ and it shows that a matched filter.... serves as an idea]• electron summator.

• The complexity of a storage device
increases almost linearly in the general

Fig. 2.5 Square current case, with increase in number of symbols
pulse on background N in the message. In the partial case,

when message (2.13) is a discrete func-
tion of time t and g(t - kAt) are time pulses, it is sufficient to
use Just a single matched filter. In this case, a solution can
be adopted, on the basis of selection of signal records at the out-
put of the single matched filter, at moments of time [3, P. 350]
kat, where k = i, 2, ., N.

Storage of a priori informatiun on the set of messages trans-/77
mitted is necessary for creation of the receiver resolver. This
information is necessary for making a decision on selection of one
message. It is evident that, for storage of M messages which differ
from one another, even in one bit of data, requires a memory of
capacity M bits[39]. Consequently, the optimum receiver should
have a working memory on the order of M bits. The memory is called
a working one, since inspection of the memorized data is necessary
for making a decision in a limited time T . In order to estimate
the capacity of the working memory, we co_der that the number of
unit vectors required for presentation of a set of M discrete
messages, N always aM [3, P. 221].

Optimum receivers for the two types of messages a_e distinguished
by the required memory capacity M. For one type M = S_' bits, and
the memory increases exponentially with increase in the symbols N
making up the message., The memory capacity of a digital computer,
on the order of M = l0 c bits, would be sufficient only for receiv-
ing messages of eight symbols in an alphabet of S - I0 symbols.
For the second type (receipt of simplest message [formula 2.14])_
a memory capacity of N bits in all is required. A storage device
of N matched filters possesses such a memory.

Using a priori information stored in the memory, the resolver
must carry out MN calculations of the distances between vectors

N
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These calculatinns must be carried nut in decisi_)ntlme T_ . Iff a

message is complex (M - 8w), the vol|_me of aalculati¢ins _ulred in

time T e increases exponentially wlth increase _n number of
symbol_ _ in the message. If the ca[[cL'lations are carried ol4t; se-
quentially in time, this means an exponential _rowth in the calcu-
lation speed, which is inaccessible to the techno].o_y. ]in carry-
ink out calculation_ in parallel in t_me, an exponential increase
in number of parts in the computer is required [_, p. 350]. When
the message is the simplest one (M - N), a total of N calculations
must be carried out to make a decision:

I.hl(rl,-+/I)+0k,_l, 2..... H, !

Let us apply what has been said to a receiver of discrete
optical images in television.

Creation of an optimum receiver of the simplest image is with-
in the reach of television (see Fig. 1.28). Such an image, with
account taken of the change from a single argument t to Cartesian
coordinates (x, y), and the observation time interval T, is a
two-dimenslonal square pulse, i.e., a square spot (see section 1.5)

!
m,(_, !j) ,l_(x.. _,_u !t :.,'_ .

where ix = I, 2, ., z, and iy = i, 2, ., z.

A spot of area AxAy (in which _x = A_) is located on a uni- /78
formly bright background of area L2 = z_AxAy. ---

For simplicity, the entire movement trajectory of the spot will
not be examined, but the position of the spot in a single interval

of time, equal to the exposure time Te, during which the spot is
stationary, to within Ax.

The number of images in a set equals the number N of possible
positions of the spot in field L2. Selection of the image from a
set means detection of the spot and measurement of its coordinates,

which are accompanied by production of log2N bits of data.

i The optimum receiver will contain N matched filter_, which
are photon or photoelectron storage devices, and a simple resolver,

which, from N readouts of rik from the filter outlets, selects the
i one, in accordance with rule (2.12), which is closest to the pulse

amplitude. We compare such a receiver with a known television
system (see section 3.4). It is easy to note that both resolvers
are identical in type of images received and functions performed.
A second difference in the resolvers are identical in type of images

! received and function_ performed. Acerta:In difference in the
resolvers is caused by substitution of the probability rule, based
on the Neumann-Pearson criterion, for decision rule (2.12).
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The main thing which flows £rnm the theory of th_ optimum reo_iver
is the fact that an nptim1_m tolav_si_)n camora shnuld _mnt_,!n, nnt a
sln_le storage device, b1_t a moss,in ,)£ N phot(_n storage dev_.ces,
This recommendation o£ the theory of the optimum receiver eoine_def:
completely with experience in building siml]t_r television cy_t_m:_,
havin_ the _reatest ].ightsensitivity.

0reation of an optimum receiver of the simplest image Is simp]_-
fled still mere in the partial ca_:,_,when the spot coordinates are
known a priori. In this case, the set of possible messages is
decreased from N to 2: There is a spot and there is not a spot.
The amount of data produced Is one bit. The optimim receiver for
solution of this detection problem consists of 8 total of only one
storage device (a matched filter) and a resolver, in the form of
a threshold limiter.

In practice, creation of optimum receivers encounters the
problem of control, not only of the external noise accompanying a
message entering the receiver inlet, but control of the inherent
internal noise of the receiver circuit. An effective means of control
of internal noise in presence of external noise is matching the power
of the two noise sources, by means of ampllfyirq_ or coding the
message. The message, together wlth the external noise, is ampli-
fied to a level, at which the power of the external noise exceeds
that of the internal. 1

Let us consider the possibility of building an optimum receiver
of complex, discrgte images in television.

It is well-known from experience in space television that the /7_
lower limit of acceptable definitiQn of the television frame corres-
ponds to a i00 line scan or N = I0# elements (symbols) per frame

(see Chap. 5). With an average number of _rad_tions per symbol
S - i0, a discrete image with definition N = i0" elements forms a
set of M = 1010000 possible images.

Making a decision on selection (discrimination) of one Image
from such a set would require a resolver with a working memory
capacity on the order of 101.0000 bits. In this case, there 18 nothing
left but to give up building a receiver with a resolver. The possi-
bility remains of making a storage device for the optimum receiver,
which can be called a receiver without a resol-er. The television

camera is Just such a receiver. The purpose of a television camera

is delivery of readouts (mil , m_2, . .., m_N) of information for
subsequent semantic processlng 5y their recipient, a man.

Therefore, two definitions of a receiver are encountered: In
the broad sense of this word, a receiver with a resolver (when this

iThe importance of the operations of amplification and coding
an optical signal for noise control in television has been discussed
in articles [40, 41].
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can be reali_ed technically) and, in the narrow sense, a recelver
without a resnlv_r, the funct1_n _f which oan be p_rfc_rmed (_n]y by
man.

It should be emphasized that wh_t h_s been nald h(_Idn true w_th-
in the framewo_.k of theory, b_ed _n a _tatisti(_a] m_de] of'a me_n_g(_
and on the concept of nonsemantic infermatIc_n. The limited rmture
of these concepts has already been noted in section 2.]. In life,
man uses such an optimum receiver an the vlsu_l analyzer (the eyes),

which, with a relatively small memory capacity (t_e memory capacity
of the brain is estimated to be on the order o_i(_ bit) distinguishe_
images very well, with a definition of over i0 elements. It is
obvious that the visual analyzer has a very effective method of
description of an image ("visual language"), with the aid of which
a gigantic set of statistical images is successfully reduced to an
acceptable volume of semantic images.

Modern television technology is far from such a capability.
The only thing which can be done is to artificially limit the
purpose of an optimum television receiver by an automatic se_ectlon
(discrimination) of a limited number of images from a set S_ images,
equal, for example, to N. The _equired memory is then re4uced to
N television frames, with a definition of N elements, which can be
accomplished on photographic film.

2.3 Models of Continuous Messages
and Their Information_Characteristics

Discrete messages were examined in sections 2.1 and 2.2. The
specifics of television includes receiving and transmitting contin-
uous messages. When it is desired to explain the concept of a /80
continuous message, as a rule, one turns to the example of optical
images. An electric video signal (within a single llne) at the
television camera output is an illustration of a continuous signal,
i.e., the sum of a continuous image and noise in electrical form.
Reasoning by analogy with the statistical model of a discrete messaKe,
a statistical model of a continuous message can be constructed, in
the form of a continuum (i.e., infinitely large) set of continuous
functions m(t), limited by argument t and called finite [42].
Random function m(t) should be finite, in order to reflect the
properties of real continuous messages, which always have a beginning
and an end, i.e., m(t) = 0 at t _ 0 and t _ T.

Thus, the model of a continuous message is a transient random
function m(t), differing from zero in finite T, i.e., a finite ran-
dom function. Althou_h such a model reflects real messages well,
it is difficult to analyze mathematically, by virtue of the tran-
sience. A model, in the form of a steady random function, defined
on the entire axis of the argument t, is more convenient. A steady
model, like a transient one, reflects the major property of real

7a

00000001-TSF11



messages, their unpredi_t1_bil._ty wlth _er_ _rrnr. It W_n :_hnwn in
work [26] that the. _nI_rlitlnn nf il_p_Ib1.1ity nf pr_dlotlnn (_,xtrnp-
elation) of the function an for ah_+ad ns donlrod, with a_ nmnI] nn
error a_ dosire(], i_ wrltten _n _ho form

I'. II_,_,,,(i)l. I1< _,
If,

whore Sm(f) _n the npoe,tra] d(mnity of' th(, power ((_r_orF_ynp(,etmm_) oP
random functlon re(t).

l_rom the KolmoEorov oondltlon, _)el' unpred_(;tability of a _nol
NI 0(2.17), it follows that the _poctral detmity of a continuous mossaF,(

cannot bo limited, l.e., it does not equo.l zero on tho frequen(:y
half-axls, and it cannot decrease expontentially. ]in fact, _('
H t _'%
,.m_.,, = 0 at f_flim _ integral (_.17) d_.ver_es.

In probability theory[_3], the pos_ibility has been proved of
representation of a _teady random function by the series

m(l) %_ m_,l,_(l).
,

ma.,J m(t),_o,(t)dl," q,,,(twhere _,

are unit vectors defined by solution of an integral equation depend-
ent on the correlation function of process m(t). _

Series (2.18) has a theoretical value, demonstratin_ the possi-
bility of _eometric representatio,_ of a steady, random functlon, /81
by a vector in space of an infinite number of dimensions, with unit---
vectors (¢u(t)}. However, by virtue of the difficulty of defini-
tion of th_se unit vectors in the _eneral case and the complexity of
their form for partial cases [431, series (2.18) has not become
widespread in engineering practice up to this time. It is possible
that precisely this difficulty should explain the fact that another,
so-called singular model of a continuous measage_ which is simpler,
is more widely used in communications theory up to the present time,
since it is constructed on the basis of a truncated Kotel'nlkov
series. Let us examine this model.

The idea of replacement of analysls of transmission of a con-
tlnuous function through a communications channel by transmission of
a sequence of discrete values of it Is contained in works [36] and
[18]. 'fhe approximate nature and artificiality of such a replace-

iThe integral equation was _ntroduced in work [43, P. 118]. It
is not introduced here, since it CB not used subsequently.
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ment h_ beo_l not(_d [18, p. ]_]. Th1_ Idel_ o_n ho. onnsldeT,_d tn 5o.

trt_nsfop tn oonil,:ulJ._tinn_ thecJp_ tH' the mt_tl]o[imtl[(_tll t_Pnbiol_) cJp

senti, riCh (}f tile ].niter, b,V tat,lor_ fit' nl_mbor,_, _lh_.t_ Id("l_ ['_('_lVO(l _}
_lr_niiz'io.srlt'$_ mope uolBlJl_:_l;o b_Is In the w{_pk c_lTM Rot-] 'nlk(_v In
1933 [81t], In p.e,o.opdal][_(} wJ.th 1;he I(ot¢,].'n'Ikov t;l]oc, rOlll, J.f _'I.|II_H;JOF,
re(t,)hn_ n, ],Im_Im_d npo,0t;mlra__ ,(_,, _tn l,'(,u_,io;,tP_Irlf_1'OPlIl(){|llS]_l_

_,ero _t frequel'iO_Io-t_above ]/[m;1:t V, 11; hst_ tin orl;h(_Y:onrllI,eilre,sol]l;r_-
_,%nn in _he form of tl_e t_erion

-I e

where ,.,. ,_111|1),1 it I,' kll,/I IIIIA'._I) _ ._l,

I

_ii(l I,',_ll _l I , ._l I

%t

The simple form of unit vector _(kAt) and the simple method of
calculation of coefficients m , which are proportional to the instan-
taneous values of m(kAt) of t_e function, make it convenient to use
series (2.19) in communications technology. The requirement for
transmission of an infinitely large number of readouts m(kAt) of the
function, which differs from zero alon_ the entire axis of argument
t_[-®, ®], causes an inconvenience. Real messases differ from zero
oAly in interval T. Clearly, there have to be readouts (symbols_
elements) in this interval,

F ,_

_, .l'l.'. (2.20)

In order to take account of this circumstance, _t is considered
that all readouts outside of interval T equal zero:

m k - 0 at k<- N/2 and k >N/2. The Kotel'nikov series then de- /8___22
generates into the sum

N

,,(t_ _ m,.,l'(/ I,.%1) _,ni,l.(I i %t_ (2.21)
,+,:} ,,

Sum (2.21) has s. geometric representation, is an N-dimens:hma]
ve(;i;of In the spa(;_ of unit vector _(t-kAt). Oonsequentl_

the continuu_ of continuous functions m(t) can be replaced by a set
of vectors {m}, of finite dimensions. 1

iThe term "set of functions with limited duration" is used in
work [6, p. 295]. The incorrectness of this term is explained in
work [_2, p, 17q].
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£er, m aS' set (2.2]), rln_m nnt nt_r.lnPy Kolmngrmnv ,;nndltAnn (2,]7),
I .¢_., _t: 1. r, ln_.ub_r,, rf'he fqr|ot;1(-,n{_ Wtl.li " l;I.lltt_d tq_pnl;r, lnlt b_:l._l_,

I"t,o a t_pot]lal {_l_t_t_, th_ t_,,o_tlt,.r! tnl_oRr, n.l ilnlt[yt.le, t'lln(,'_1on_ [ 12].
• jrPh_ _nalyti{._l n_tuPe nf t_ho Punqt.lon lN_k_-,tt pot_lht_ it# _;_p_q_ol&-

tlr_II w,%_h _nrn error. Cont_eq!lorlt]y, 1;h() t]_ll_lll/lt, I,Od(,1 (]not3 nn£
_,_flt_,e,_ the ran,Jet, eAmrttt:_o_,l.t,,_I¢_ ,3f _(;1_1 me.,nr,a_(,_, llowf,vc'm, do_,p.'lte
_hln lnaoP_,eo_netm o£ the t_,nf",ulap mod.l 0£ a oorttln_outl m(,nnn_o, it
_:a nllnpl_ and, t,ho_t,oforo, ft_o,l,J 11, tt or; w,l,de_prea_l {t_ t_tr!_bl_t, ion I n
_Ollll,_ln,l, oatlontl _heory. T.t| i)ftz, t31.oultu _, _tlit_ iliOd(_l '_t_ tile bat_:In of
informal;ion l;hoo_.y re;, e.ontl, nuoun III{H_.ql)F_,(._Ut__'mpo_'l;o(1%n the, well-

known wo,,k of Shannon [6], ]in mint (2.2]), eoeffle'tentt_ mk m,o eon-
[_idupod a[_ urlidJ,montllon(%l r_ind()mva[u(h'it have:n}_,[| oo[l_]nuou[] ;)t'O[)_]'-

billty dlqtpiblltion P(mk) _, _,t

m,, fi [' "'"', '_'1,

It is evident that unifo_'m di_t_'ibution of probabilities (all values
of m k in the range |-®, -| are equally probable) has an infinite
entropy value. However, for a normal (Gaussian) probability distri-
bution

ulA

', n_Ai

I'ulhl I e , "h,.( I '_, _'1,
| %"_"_i',

where ffi_ is the dispersion, the entropy in a finite symbol:

.I hth'!._ .rag,Ih (m#)

Then, the entropy o£ the singular mode3, of a continuous message
is finite and, independently of coefficients mk:

_t

I

II(m) _ ._I_h'l-':'2a"m',. (2.22)
& I

We will consider that the dispersion of all readouts equals: /8__/3

The expression for the entropy of a continuous messa6e, pre-

sented in work [6, p.298], £1ow_ from formula (2.22), under condi-
tlon (2.23): H(m) - TFlog22_eo bits or, in the unit time,

II',,.i /"h,:,,2',,',, "_bit/sec. (2.2a)
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The entpepy nf the s_nEl_lap _ndel _f _ whlte, _a_BB1_n nn_se,

wlth band frequency F _nd average pewer Pn [_' p' 3SOl
It'(n) m FloE22_o P , Acr, ntlnuou_ slEn_l p_t_es alone the aemmuni-
aatlon_ channel, _Ich in the m_m of _ e_ntlnuoun mefln_gf_ and nolue:
r(t) • m(t) + n(t).

The Informatlon character:D_ti(_ of a commun_e_tlon_ channel with

rentrleted frequency band _ in the throughput capabll_ty (capacity)

L: wax]ll'lm_ IIi(m)l. blt/see.

The Shannon formula for calculation of throughput capacity in
white noise:

r: ;. ,_.._Jl z,,,,j :., ,L, 1',, ,. . blt/sec, (2.25)

where oP_ is the average power of the message, Pn is the averagepower the white noise.

We note that, by formula (2.25), even under the conditions

0<P_<Pn, the throughput capability of a channel can increase, although
slowly, with increase in frequency band F.

For a nonwhite Gausslan noise, the throughput capability is
calculated by another formula of Shannon [6, p. 454]:

!

,s,,(!,'_' (2.26)
II

where Sm(f) , Sn(f) are the spectral densities of the power of the
message m(t) and noise n(t).

Formulas (2.25) and (2.26), for calculation of throughput
capability, are widely known, and they are introduced in all popular
presentations of information theory. Another information quantity
introduced by Shannon, for the characteristics of the source of
continuous messages, the rate R of creation of a message with the
root mean fidelity criterion of reproduction of the message [6], is
less well-known. When a set of messages is a singular white noise,
with average power Q, the quantity [6, p. 321]

R - min[H(m) - Hr(m)] = H(m) - maxHr(m).

However, the maximum entropy H_(m) is reached, when the devia-/B_
tion of function I,(t) from the init%al message m(t) is white noise._
Therefore,

R II(m) II(n): I"h,l_ r_
p,,' (2.27)
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where P_ is the permissible _oot me_n devlatlon _f the rep_od_eed
message f_om th_ o_tg_na] one, _'qual to the white n()Ise power.

Accopdlng to formula (2.27), the rst_ R>0 _nly under the snndl-

tlon Q>Pn'

We emphasise once mo_e that the formulss introduced (2.24),
(2.25), (2.26) and (2._7) were obtslned for partially limited
(singular) models of a message and a channel.

In the works of Vlner [7] and Kolmogorov [5], a model of a
continuous message was used, In the form of a stationary, random
function.

The entropy of the random function Is infinite'. Therefore, the
principal information concept allowing generalization to continuous
messages Is not directly the concept of entropy, but the concept of
amount of information In the observed (measured) random function,
relative to another random function [7, P. 78]. By calculating the
amount of information contained in the sum of a continuous message
m and noise n relative to the message only, Vlner gives the following
formula [7, P. 149]:

%

I(,,: log,If' (228). -Sn(f).j..1,blt/sec.

Formulas (2.28) and (2.26) differ only in the integration limits.
The spectral densities of a message S_(f) and noise S_(f) In (2.28)
are not limited by frequency band; t_erefore, the in_egratlon is
done along the entire frequency axis. The spectral densities
satisfy condition [45]

, lil. s''' _1) (L
I.,., ,'_,,l/I

Therefore, improper integral (2.28) converges. It is clear from
formula (2.28) that even thosehigb_requency sections of message
spectrum, at which S_(f) < S_(f), make a positive contribution to the
amount of Informatio_ In the'_essage. The coincidence of formulas
(2.26) and (2.28) shows that the latter concerned finding the
throughput capability C and not the rate of message creation R.

The method of calculation of R is given in the work of
Kolmogorov [5], where the quantity R is called the c entropy.
Although the entropy of a continuous message (o9 a random vector of
infinite dimensions] Is infinite, by assigning an error In obser-
vation of the message greater than zero, a finite value of the e
entropy of R, obtained as a result of observation, can be determined.
In partial cases, the method of calculation of the E entropy gives
simple formulas, including formula (2.27). We introduce these
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formulas. We begin with the foPmu]a for nalml]atlon of th_ c entrnpy_@5
app]_aab]e to a model of _ dlser,et_ message, In £n_m nfanN-dimensiona_-
r8 ndom VeCt_D

m - (m], m2_ ., mN).

Pormulati(_n of the problem in the work of K,,]mngorov [5] :Is f_Imilap.
In the _b_:_c]:'v;_t:Ionppc}u_:T,_I,lot [_ be apppogim_ted by
vector _, with a fixed root mean error

, '" ['_ AI'.:,4,

The error approximation factor

A-m- 8

The spaces of vector m and B coincide, i.e., it is knowna priori that
the uni_ vectors ofveotors (¢u(t)} are identical. Coordinates mk of
vector m are mutually IndepenBent, _nd thgy have a continuous normal
probability distribution. Vectors m and A also are mutually inde-
pendent.

The entropy of vector m at
zero error c = 0 is determined

_. by formula (2.22). We calculate

the ¢ entropy, with a fixed
error ¢ ,0. We consider that,

'_" in the general case, the values

•_-_ y of dispersion _ are nonuniform,
i.e., condition (2.23) is not

Fig. 2.6 Calculation of c entropy satisfied. By means of slmp]e
of a discrete message renumberlng of subscripts k, the

dispersion can be arDanged in
decreasing order of value (see Fig. 2.6). Then, with a fixed _ • 0,
the quantity 02 is introduced, which determines the level of limita-
tion from the equation [5, p. 87]

,_ _,,,I,,(IEm_). (2.29)

Solution of equation (2.29) require_ comparison of the dis-
p_rslon _ with the limiting condition e . A case is possible, when
_ • e_ a_ all

# II, NI,

However, if the error in approximation is not too small, the case
depicted in Fig. 2.6 is possible. The range of subscrlpts k is
divided into two sections_ dep_ndlng on the value of ez: m_ Z _2 at
k - i, 2, . . ., N¢ and m_ _ _ at k = N_, Ns + l, .... N.
Equation (2.29) can then be rewritten in the form
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lJ"_, ! %' mi'

Equation (2.30) shows that, owin_ to not too smalt an _,rror.in
approximation (e > 0), it will be Impns_lh]e to obserw part of tilo

coordinate mk at k > N . Therefor.e, approx_matinp, vc:ctor _ ,,
(_I, S2, ', _N) should be selected, so that [5, p. 88]

_ IIII, %11' a t I, I I , :I ...... %' ,

; I _l a_,, /l' A , ,',,' I .....

This means degeneration of approximating vector _: It turns /86
out to be not N-dimensional, but only N -dimensional. It is eviden-K-
that the following relationships hold t_ue:

[11-' at k |,_ ..... V..

li;: ,l'i_,0_ at _. l, 0 :'i,',

[ 0 at # ,' , '%"r l ...... %.I.

The £ entropy R is determined by the formula [5, p. 87]

X.

;_ z,_ ,Z (2.31)h_g_"ii], bits.

Calculation of ¢ entropy for a vector having an infinite number
of dimensions differs in no way from the case of a £1nite-dimensional
one; moreover, the circumstance that a vector with an infinite
number of dimensions will always degenerate, while this is not
obligatory for a vector of a finite number of dimensions, Based on
this, we introduce the e entropy of the equilibrium random function

m(t) by its power density Sm(f). The limitation level e is deter-
mined from the equation

J

,": _.,i_lllP, ,".,,(t)l,h. (2.32)

By means of 8, the ¢ entropy value is found by the formula
(compare with formula [2.41])

' '_ (2.33)
- ,_..I._-,i_-,I t. blt/sec,

where Sm(f) > e2.

In order to explain formulas (2.32) and (2.33), we turn to the

£requenc y-unlimlted, monotonically decreasing spectral density Sm(f)
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i I

(see FIF,. 2.7). It can be noted thst the ]Imltat_nn ]_vel 82

determlne_ th_ fln_t_ frequency band F_ to b_ Sl_eh that S_(ff)._ 2
at f _ FF, Sm(f ) _ O at f >F , wh_)[,eF _s f_nd from _u_t1(_n

_-,'" ,%(I') IF. (2.'_4)

_T '2akln_ equation (2.3JI) into

consideration, we rewrite ealcula-

E' tion formulas (2._) and (2 _3) :In
_: the form

/

Fig. 2.7 Calculation of ¢ R .I'h)g':_"!i_(/Ld/bit/see, (2.35)
entropy of a continuous ..

message where e2 is found from the equation

"!.,,r'_ O=/', i _('S,,,(I),II. (2 .36)
}

It is evident from (2.35) and (2,36) that, if the root mean error /8__/7

not 0, the frequency band F = ® and ¢ entropy R -- ®. Assignment oftoo small a root mean e_ror c >0 is accompanied by loss of an
infinitely large amount of information contained in the high-

frequency part of the spectrum S_(f!. From the energy point of view,
rejection of this part of the sp_ctzum Sm(f) means loss of only a
small fraction of the power in all:

,%,II)'4

j"_,,(I),I/
U

Quantity of information R remains aeoesslble to observation in the
limited frequency band F .C

Formula (2.35) changes into formula (2.27), upon incorporation

of singularity into the spectral density Sm(f). We assume that

at I .....
I0 at I>.1: . , (2.37)

Then, message power Q = S_2F . We have Q2 _ _2F from (2.36)

By substituting the value_ o_ Q and 82 in (_ 35),etaking (2.37i
into consideration, we obtain R = FolbgoQ/c i This formula coin-

cides with formula (2.27)at ¢2 . pn _

Obtaining the formula of Shannon from the more general formula
(2.35) involves a fundamental innovation, which consists of the fact
that it now is evident, why and within what limits (with not too
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nmall _) the formula of Shannon san be nppl_d to prnoes_es with an
unlimited _peotrum, 0rid these are o(' more and more Urgent _nt_rot_t
to us in the theory of m_s,_go tr_n_mies_on [5, p, 9_].

The olrsumstance mentloned, heslde theor_tlc_l Importance) is
of great practical importance, It con_lat_ of the fBct that the USe
of formulas (2.25) and (2.27) in enginee)'.in_ealculatlons strikes
the indeterminacy in finding the frequ_mcy hand F agplicahle to real
objects. It is known that all real ],inear f_lters satisfy the
Paley-Viner condition (1.15) and are not frequeney-limlted. A
process with a limited spectrum cannot be formulated by means of
them. A pulse which can be formed in radio engineering always has
a limited duration and an unlimited spectrum (Fourier transform).

Determination of a finite frequency band F for a continuous /88_
message with spectral density Sm(f) , which is nSt frequency-limited,
contained in work [5], provided-a way out of this difficult position.

2.4 Specifics of Theor_ of Reception
of Oopti'nuous Messages

It was noted in section 2.1 that one of the initial points in
the theory of optimum reception of discrete messages is the assump-
tion of coincidence of the functional space of the signal at the
receiver outlet with the a priori known space of the incoming
message. This assumption permits an optimum receiver, containing
filters, the number of which and pulse characteristics of which are
known (N filters matching the unit vectors), to be constructed, on
the basis of a priori knowledge of the set of N unit vectors
{¢k(t)} of the incoming message,

The method of calculation of the a entropy of the continuous
message, stated in section 2.3, also assumes a priori knowledge of
the message unit vector and matching of the spaces of the output
signal and the incoming message.

For a statistical model of a continuous message, the question
of a priori knowledge of the unit vectors is determined by series
expansion (2.18). Finding the unit vector requires a priori knowl-
edge of the correlation function of a continuous message and solution
of the corresponding integral equation [43]. The correlation
function of an optical image received is not known a priori in
telev._sion (we have complicated subjects in mind). Nevertheless,
a receiver of optical images under such conditions must be planned.
&yen if the correlation function were to be known a priori and,
having solved the integral equatSon, the unit vectors were to be
found successfully, their number would be infinite (as could be

i expected), constructing a receiver with an infinite number of fil-
ters would not appear to be possible. Therefore, the specifics of
optimum reception of a continuous message must be examined, due to
the fact that the correlation function is not known a priori and
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the output _Isnal space, cannot be matchf_d with tl-munknown mo_ago
_paco. We carry nut _uch nn examlnation, nppllehhl_+ to nn opticsl
Image, keeping;,in mlnd the oingularltS:es o£ te]._vi._onj which doo_
not disrupt the generality of the conelm_ion_. Let a m)ntlnunu:_
signal enter the recelw)r inl(_t& the for.met,i_ the _)_mof two random
functions: The contlnuou_ mesn_ge (optical imagr_) g(t), which is
an analytical record of an object b_):Ingstudied, _nd of white
OaussIannoise n®(t): (_(t) + n®(t)}.

Random process _(t) is determined in interval T) in which it
has a finite energy E._ the correlation function of the process is
not known a priori. _ flat optical image is a function of four /89
arguments _(x, y) t, _), but for purposes of simplification of the-_
writing of the mathematical expressions, we use one argument t.

Considering the a priori lack of knowledge of the message unit
vector _(t), we arbitrarily select the functional space of the out-
put signal. As a working hypothesis, we use the space defined by
N = T/At with angular pulse _ unit vectors g(kAt)(see section 1.5).
Message _(t) is represented in the space selected with distortions.
This representation is discrete and, consequently, it can be repre-
sented geometrically by the random, N-dlmensional vector:

,,;, -(,.,,, m_,,,,,,'#_N), i ,=0. 1, 2,..., _l--t,
ha¢

' I'#l,k= (t)_(t,--kAt)dt _-:|/_ A-'T
• _ ' {k-. )At

The analytical form of the discrete representation of message
_(t) is a set of functions

'"JO-_ ,.,,,g(t--_t),t-O,I,
A'=l

2, . .., M - i. It is evident that

A_-| - (k.-I) &| .J

The discrete representation mi(t) of continuous message _',t)
contains, although with distortions, useful information on the object
being studied. We set up the problem of optimum reception of dis-
crete representation m_(t) on a background of white noise n®(t) :

r (t) - mi(t) + n®(t).-

Such an optimum receiver is known, and it has slready been
described in sections 2.1 and 2.2. We repeat that the receiver
contains a mosaic ()CN photon storage devices (matched filters).
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The storage devices (filters) h_ve r_stangulnr (square) pulse

ch_racterlstln_, dlf._erlng only b_ the _h_ft h_(t) - cg(t()-kAt),
where e snd to are constant and identical tran_mi_s_r)n funetlon_

A(/i _"_'_}aU (2 38)
.Atl

The signal at the receiver output is the reality of the random
vector .. ., ..

where ., 9

'l' ('h,_n,,...,"_),"_ _' J"_ It)tllt..'kAtldL

It was noted earlier that, in the receiving process, the white

noise vector "degenerates" changing from an infinite number_of
dimensions to N-dimensional. The presence of noi_e vector n /__

interferes with precise measurement of the coefficients mik from
readings of rik = mik + n k.

We find an estimate of the amount of information R at the out-
let of such _ receiver. Useful information is contained in the

measurement of coefficients m_u from reaaings of rdu at the output
of the matched filters. MeaSGrement of coefficient m_ is a well-
known problem of estimation of the amplitude of a rectangular pulse
on a background of noise n. The signal-noise ratio at the output
of the k_h matched filter is

% ..............,

where E_ - _ is the stored energy of the k-th coefficient (averag-
ing is _arri_ out over all subscripts)

_61o,M.-.I]),s,

is the spectral density of the white noise power.

Considering the match _d filters as a mosaic of photon storage
devices, we take into account that the quantity Qu is determined by

the number Ne_ of stored photons (see formula [2.T6], at 8 _'cmtrast
which eqG_is unity);

v_ I _"-_. (2.39)

For measurement of values of md_, the signal-noise ratio Q .
must be above the threshold Q_ . A_cumulation of one photon c_nnot quarantee a reading, ther_6re, it is evident from (2.39) that

the threshold signal-noise ratio Qthr is greater than one.
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I

i Generall_ speaking, oneffla:tents m_k can assume values in a
conti_un_s set. However, beaaua6_ of th_ pretense o C no_se, the

i res1_]ts o_ measuremsnt of ln_ u from the r.. poadln_s are, qu_ntizod

values talk) belong_n_ t() a _8rtuln nutru_iphabet:
" II1,, , [rq, Jl,, , , r(_l,I

S quenti, l rreces J.ng oS

f_,...(,) readings r_, by means of anamplitlide _Uantization device, i_
_;_"%_ shown in Fig 2.8. The quanti-

zatlon device output alphabet
contains Su discrete amplitude
values (gr_datlons). The number

Fig. 2.8 Sequential processing of gradations
of readings, by means of amplitude , .,

quantlzation device _ '/tnrq__'/ _"'/).h,:_/'_/ %,,r_:_";"'

Consequently) the amount of information received by measurement of

one coefficient equals logeS u = log_qw/qehr. Neighboring mcu
readings at _ matched f_l_er out_u_ a@_ distant from eac_ _
other by interval At. Such readings are orthogonal, i.e.) inde-
pendent. By virtue of the independence of the readings) we obtained
the desired amount of information at the output by simple summing:

X

,, -:---, bits. (2, 01

Formula (2._0), obtained by using the signal-noise ratio at the /9__1
matching filter outlet, coincides with formula (2.31), for calcula-
tion of the g entropy) if the following equality holds true

o, 2

Equality (2._i) physically is completely understandable,
since the threshold level e_, determined by the approximation error,
is determined in the case being considered by the dispersion of

noise, with allowance for the threshold signal-nolse ratio qthr _ i.

The receiver being considered, which is optimum for discrete

image mi(t) of continuous message _(t), is not the optimum for the
message itself _(t), by v_rtue of the arbitrary selection of the
shape of unit vectors g(kAt) and the number of them N. Within the
framework of the shapes of unit vectors selected in accordance with
a small amount of a priori information, we iuprow_ the optimum
nature of the receiver, by means of increasing the number N of unit
vectors, to values guaranteeing the greatest amount of information
received R. For this, the dependence of amount of information (2.40)
on number of storage devices N, is analyzed.
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The Inltial aoctlon of the R VS• N nl_ve I_ nhv_nl_Ll at _Im O,
the gunnt_ty R - 0 _nd, wlth inc_s_ in ni_mbe_,n_ y_dlng_ N, th_
smount of InfoDmntlon R Ino_._mses. The qu_mti(_n Q_n_Ists of do-
termlnln_ wh_ther B ,_norosno_ mnr)otnnloa]ly to naturntlnn w_th
incr_nse in N or has a m_ximum. We pr(_v_ that ff w_. N hns _ m1_xlmum,
and we find it.

Initially, let us glvo a s:Impl(;,intultlve _xp]nn_tlon. With
increase In N - T/At, the l_noar dlmenslnn At,of the photon ntol,a_e
devloe decreases, i.o., At _ 0 as N _ -. If the' finite energy V,:
of a mensage is taken into consideration, i.e., there is a finit_
number of photons entering the receiver, a decrease in the _Ize At
of _he storage device should cause a decrease in number of photons
which can be stored. While still at finite values, the number of
storage devices N approaches the state, when a total of only one
photon reaches one storage device• The stored image in this limit-
ing case will be a noise picture (R - 0). This fact is well-known
in optics [46, p. 148]. Consequently, there should exist a maxi- /92
mum R as N _ ®. We proceed to formalization of this relation.

We consider that, at N = const, the signal-noise ratio changes

from reading to reading, in the range 0 >qk >qs, where k -
I, 2, . N.

We number the readings
,;' by subscript k, in order of
'IJ: decrease in the slgnal-noise
'l,:",) b)

,:._,, discrete, monotonically
• decreasing function ¢(k),

I ....1 t t'. drop (Fig. 2.9):J.l....L.]__LL]_U_LJli[J_u.u.. ,...
,, ,_ ,', , .'<, ',,,

Substituting (2.42) in
Fig. 2.9 Calculation of amount formula (2.40), we obtain
of information

A' _h,l,', v._'l'(/d. (2.43)
_ 'l_hr

As N _® and At J�•number of photons summed by the storage
device at rate At decreases. This causes a decrease in the signal-

noise ratio: qS(N) lN _ ®.

Therefore, with increase in N, we always reach number of

measurements N - N , for which the following equation will hold true

,A(NA,b(NJ Vt h,,. (2.44)

Further increase in N > N wlll cause displacement of intersection

point No of curve qs(N)¢(_) with the threshold qt_ , in the direc-
tion of_lower subscripts, because of the drop in V_lue of qs(N), as
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Is ShoWn in I,'CK,2,9' q_;(N)#(N¢I) P qthr' N¢I & N¢,

At the m_t;Let og a p_lvt_r _or|tl_lnlnF_ N_Ne. _tor, at_; d_w]c_o.t_.
In as_rdan_ wlth (2.4_), the, amc,unt of InPnr,mntlon

&,

A' _ l.g.#"'UV;_|ql,')I _ h,j:.Cat,V_d*(/¢)

' _,
Ro.a,O_ng_ m4_ with m_bnee_pt_ k ,N_I Imvo a _gnal-no,t,qo vl_t,,io /91_
below the _re_ho,l.d, 'f,n n manne_ of _q)eakln_, tho_m r_ndingd_ are .......
"d_.owned" in noise, and thoy p,ivo _,e_.o:tnfovmati(m of the oh.1¢;et.
'2hez,eforo, the _]um on the right 4n express,ion (2.1;5) _,qua],_ zero,
i.e.,

[

I,' _I,l,.I_'l'('%)dl(khbits, (2._6)
'%h:

its, where Nc] • N¢.

Formula (2.h6) shows the Inoeuase in R with increase in N to

N¢ and the subsequent drop with increase in N >Me, because of loss
of readings talk with subscript.':

,L A ,_:

in the noise. This proves the existence ,)f a maximum R, with some

optimum number of storage devices N = Nopt:

"_ t
,,a._I_ Pl,,_,_-_ !-'_.P_-q,(I0, bits. (2.47)

, _thr

The optimum number of storage devices in the. x*euelver N
coincides, In the first approximation, with N¢(Nop t _ No), ._.°_t,
there is a solution of equation (2._).

What has been sald permits formulation of a more general posl-
rio,: (theorem) [39]: Optimum reception of continuous message _(t),

with finite energy Er and an unknown correlation function, on a
background of white _oise_ provides for extraction of the maximum
amount of information (2._7) by a finite number N ._ storage devices.
The maximum information of object being_ studied _T_ is contained

in its quantized representation, which is represented by Nop t-dimensional vector
A* A A ^

I#|; _'_ flit;l,till.a,..* , I#1, .VOp_-

or the sum H

m,_ll n4_¢;11 kA/). (2 I_8)
k i

where i = 0, i, 2, ., M - i.
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quaBtlZ_d ]Pepr, enentP.tinB ii_i(t) flhnuld _Ilt_p th_ pPnn].Ve_p e.P
the rsoolv_P, Howo.vo_,. there a_o gP_,at diPflsu]l:;loo in npentlng
It tar. oontlnuou_ messaging. 'l'hefir,_t and pe_,hap_ prino_pt_]
diff_nulty oonolnt_ of tho r.i.(11_lPt_mtgnt o:I' oxt;_.mo]y high momopy

oapacl_y) on the opd_-r , _)P (_eo _oo,tion 2.2) M - 2m_xl_ blt_,

_'hoPofo_e, tho,r_, :t_ noth,_n_, ol_e, to do h_t to plan tho optimum
reoolve_, of oontinuom) nl)t_0u] [mugon wlthou_ o _o_u_.Iv(,r)na_,owln_
the purpone of th¢) roteS.vet i_o dollvory o_ a (It_ah_Ro(l r('l-)r(_u_ntt}-
t_on I_(t) of the oh,loot to _h() vlnual. _na'ly_()r.. '['h(_human h_'ain
IB e,ap_blo of porfomnlnR the fune,_on o£ ),(:t_olvcr, 'I:_ _ (;vldont
_ha_) at)oum.i,n_,the absence of no:toe, quanl;:tz(;dvepreueni;t_ior_ (P.48)/__.
_hould accurately represent contlnuc.u_) mossaBo &(t). Lei_ us tent
this. Wo sub-titute wlth the quantized values of ooefflcients in
sum

L,%/

^ !'m., .., =qf-. - T"(_! ))._

F "2 tM_

is the spacing of the quantlzed noise amplitude.

After substitutions, we obtain

m_(I),,_ (t- kAtll :%"[,__1 _{lldt. (2.49)l) At '
Ik.-|)M

We find the limit of sum (2._9) in the hypothetical case of a
decrease in spectral density of the white noise power, when the

condition S n is satisfied, so that B = const At. In this case

lira .-_if'- _ AO VA-_ _co_mt8 (t --- t_))
af-_O 0

where _(t) is the ERrac function) and the current discrete coordi-

nate kAt has changed into continuous tk.

It follows from equation (2.44) that Nop t _ - as Sn _ 0 (i,e.,
qmax _ ®)'

Then, the limit of sum (2.49)

lhu m_if) colml_'_,V,,)8 _/-.. g'OHh| if),

As should have been expected, an infinite Increa_e in number
•N_._ of receiver storage devices permits continuous message _,(t)
tSVSe precisely reproduced, only in the hypothetical case of com-
plete elimination of noise. In real cases of the presence of noise,
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_nn_truo.tlon of nrll,y dl.asr, et_ nptlmlml P_c_eIv_r,_ of _nntJnunu_

sentJ_tlon (2.48) 1_t the, outlP-t,

fI_htt _'noPt_.l (3t_._,_) f'_)Plli_l-t:lt,'d i_bov_, _Jl• p_pi',of_ontP, tlon of n

3on_l[llH3llft me_]t]a_, (?I I1 bl|(]k_r_H_[ld c,f Wh_t(' n(=l_#, by _311 optlm.m

nn,lution nP n k_y pPob,THf_ in eommunl_mtlon_ 1; H,oP,V, whl(d_ mmHi_d;_
ef f_nd_H_ a method of _,op]a_,lnf; hl] t_lgn_, by v.(.,tnr, t_ of rlnlt;e
d,lmen_on;_ [_, p. 298]. W,' ht_VO _n Ill'I,rld _iII nIRnnls, _ne]ud_n_
0ont,lntlol_Gl',_:n:[_of1_l]et_ol'n_.An _pl)_Ux,lm/_tol,o,pp(n_en1,_)t,l,m(H' n,
finite,, (l(;l;ermlnr_tefunol;ion by a vo,(,'to_'of o f:In,l,t(_num|)()T,ef
dlmermlonn unual].y i{_ _;o_F,ht;, by the or:l,tcplon of _mm]]n(,,m of

energy los_oS [3, P. 3].4]. N.._-dim¢;nn:l, on_l w, ctor (2,48) l)rov_d(,{'
a repr(:sentt_tlon of a random,'_ntinuou_ IlIeI_|_LIF,_),on ,9. b_(.'kF, Pound o|
white noise, by th(.' criterion of the maximum extraotab'.le infornm-
tlon. The number N ,. ohar'_sterizes l;h()m[l.xJlnum l)o||:_blo number of
measurement'_ (readiB_'_) of a continuour, mes:_ag(' which can be made,/_gJ5
with allowance for the effect of no:1,,_3e,.}.',ffortl]to :Inorelme the
number of measurements N > N _ only deck,eases the amount of extract-
able information, lhls repzS_ntatlon permits an answer to the
question of how continuomJ me,'_sages differ from d:1.ssrete one_. Let
a message be discrete and represented by a N -dimens:1onal vector.
The optimum reception of the discrete messag_ is characteri_.ed by
the possibility of changing from conditions of strongly distorted
reception N_ >N_._ (degeneration of the message vector) to a con-
dition of pgaetI_lly undistorted reception N= _ No_ t, by increase
in the slgnal-nolse ratio. If the number of _ptimuffi readings N_._
is greater than the dimensionallty of vector N. (the number of _
degrees of freedom of the message), Informatio_ will be contained
at the receiver outlet, from which a conclusion can be drawn as to
the discrete nature of the message. In distinction from discrete
reception of a continuous message, which can be represented by a
vector of an infinite number of dimensions, it always takes place,
under conditions of "degeneration" of the dimenslonallty of the

vector (i.e., Hop t < ®).

However, representation of a continuous message is theore_i-
sally possible, by a vector of a finite number of dimensions, the

dimensionallty of which equals the number N¢ quanta (photons) con-
tained in the light flux accumulated by the receiver. In optimum
reception with any N "degeneration" of the N.-dimensional
vector will always t_.'place, since the number 8f photons _n one
measuremento_in one storage device) should be greater than one:

N¢/Nop t > (l_th r _ I.

Replacement of anN_-dimensional vector by a continuous function
goes unnoticed by an optimum recelver, because of the 'Limiting
effect of noise.
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Brlnglng Into b_,In_ the npt_mum P_oolw_r dlno.u_d !n thls
_ctlnn rNirl_ Int_ d117flculti,_l. 1,Hr_t nf' _Jll, It in dlfflnult tn
buJl(| hl hi' _ItilPFIF_#, ch+v1¢,e_1 (IB_ito.hll]_ l'lltop_) Imvlng l_,,_tnn-
I_ulRP I_Uli_ t_rld _Qplltude-l'_oql4-noy ohar, antor:l_tle, {2,1_]). In
t_1_V_IL_liq t|)O _t;Or'B,F/+ d_vio¢)l_ hl_Vi _ nlIlplitudt...)"rt_ql_rley _',hl_P_nt_P-
_t_terleo or' n glv_ri nht_pe, whl(_h are tq_p),,o_lmlii;,>d well by the fun(-,tinn

I
h U)

)"' (2._0)I I Io,,

where l_'nm in the width of,the curve at the 0,5 lo, vel_ :l,.e,, K(F 0 5)

Another difficulty is t'_nfl,tnz the optimum number N .,. of
storage devicen, l.kluat:1on(2.4/I) arid 1'ormu[a (_o.47) _v_P_ posteriori
est'imate_ of N ,. and R. '_'h:1._means that a number of s borage device
mocha:los, with _ferent ),umber_ of storage devices, must be built and

N t taunt be found a posteriorl from max R. An a priori estimate of
t_ optimum number of' storage devices is desirablu, even thou_;h
approximate.

We find a priori upper estimates of No ,. and max R for the case_
when the amplitude-frequency characteristic _ the storage devises
K(f) is knoWna priori, for example (2.50). For this, we resort to /96

formula (2.47), and we introduce a generalized frequency: fk -- k/2'r----
Afk - Ak/2T, where Ak • i.

We give an upper estimate of sum (2..47), by means of the inte-
gral

^ t j,
I_, log_--_ (li(k)Ak < 2T Iog_-f:_:K tjhl/,

_hr o ,Ithr (2.51 )

where F s is the solution of the equation

q. I<(/,'_) o=_h_' ( 2.52 )

Inequality (2.51) designates the presence of an a priori upper
estimate R_ of the maximum amount of information max R at the recei-
ver outlet _.

R_=,I' ,I log, ,_ dl, bits, (2.53)
o %hr

in which RS *max _.

An estimate of the upper R_ is calculated from function qsK(f),
which can be called the frequenc_ (spectral) signal-nolse ratio from

the threshold signal-noise ratio q-h and interval T. These qu_]nt_-
ties should be known a priori. Th_ _ntersectlon of the frequency
signal-no_se ratio wlth the threshold valuc, in accordance with the

equation (2.52), determines t!,e band of those frequencies F.q, whichcan be measured above the noise and, consequently, give useTu] infor-
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mal!ol_ about th_ object• Therefore, be call the frequ_moy band
Fqj determined from equation (2.5_)j the Inform_tlon band. The
iHte_val estimate of the exce_s oP the frequf_ncy slgnal-nois_ ratlo
ever the threshold In the _nformation frequency band I_ the inCor-
mation uharact(_riat_c t_S/T measured In blnary ,anlt_ p_r unit _nt,rval

(i.e., p(_ _._eond or per m_lllmet_r)(Fig. ,.10) A s_mllarlty It_

easily noted between oqu_tio!l (2.52) and the quantlty R_,/T from
formula (2.53) and equatlon (,).34)and quantity (9.35), _f th_
entropy calculation by an equilibrlum random fun(_tion. The _pecif_c_
of quantlty _S are that it emerges as the upper estimate of the
amount of information on a nonequilibrlum continuou_ message contain-
ed in the sum of it with the white noise.

._2_._ The concept of information
frequency band F_ flows from the
method of calcul_tlon of ¢ entropy
by Kolmogorov (section 2.4), in the
event equality (2.41) holds true. 1
This concept can be reached, as a
result of a very simple considera-
tion of the effect of noise in the

scheme of measurement of the /97
Fig. 2.10 Upper estimate of amplltude-frequency characteristics
amount of information of the low-frequency filters (Fig.

2.11)[47]. The amplitude of the
test sinusolds

' 2

pas{.Ing through filter K(f) equals AN(f). Theoretically, it always
is measured on a background of noise with power

is.

0

Because of the noise, the
process of measurement of the ampli-
tude sinusoids is probab_listlc.
The measurement results estimate

Fig. 2.11 Diagram of the trend of the amplltude-frequency
amplltude-frequency character- curves K(f), within a given confi-
istlc measurement in the dence interval, which depends on
presence of noise the slgnal-nolse ratio (Fig. 2.12).

At zero frequency fa, the ratio of
the sinusoid amplitude to the effective noise value _s quite high:

i iEquality (2.41) specifies that the model with a limitedspectrum in work [5] should be understood by the words "not too ')
sm_ll an error in representation of a continuous message• It should
he noted _hat earlier efforts to specify these words resulted in
us_ of the frequency band which is equivalent in power (effective)

Fe [48, pp. 4, iii, 143]o
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% " AK(%)/_c"PI_', Wli.h Ine._.m¢. In ,tq,_,qu¢,uey r : [',.) th(, _lF.nnl-
n_dse rnl, Y,_ ,tt,,_)_ ammt,d:lnY, l._ the, qoK.(]) r,ulo, _ho),o KII(I') =
K(f')/(({))1_Itile8tandu.dl ;(,dvii]u,,ol"'_l:i_;nIII,Illu|t,-f1.t,qu(,n¢,,V

'I At, l)t'oqllOlll).yI"" |dq) t,llO
'"'_kJ IIIf_,IIlll--llO,_11o )*'nt:10I'(';IO_C'S_h('_

"_,, i;hre:_hoId rill)l("q,t_,,, (FII.'..2.10) .)
•, Ilt,wh Ie,hequlli,:ton'_',_.qP_ h(')'ldr_ t).u_,I

'i' "I ,hp q,qKII(FS) = aqthr'

i'i]'_:'_''I_' 'l'h_, :impl)i.lm, el' _:inlmold:_ w:1.thfroqtlen(;],es f >]d,) llet,; ()lily c,'lnnot
Fig, 2,1_ lte'.lult O_" n|¢}a.qLIro - |)e nloatlured s but°:lliltply ctHinoI, bc
ment of amplit;ude-ft,oquerley detected on Llle backF, Pound ef noi'.Io,
character:tstics q'he f:Lnal information /'requcm(,y

band I,'¢,s witll which tl'lrlsmis_ion of
tnfoI'Iliation at; a given noise is connected) ls doternlI.nod from cen-
dltlons (2.52)_ which we rewrite :In the form KII(II's) = AKp) wh(;re
AKp = qthr/qs,

InterpzetinL AKp as the uonl: ]d_;nct_ ]ntr_,za]. O1 Illt.ttaur_,llunt tlt/9_.
a _iven probability I >O.p) :I.t can be. ,laid th,lt) outs:l.dt the. inlel
matlon frequency FS, there i_ a probability I' • 0.5 of ,neasurement
of a zero value of_the K(f) characteristic of a fi].ter (Fit;. 2.12).

The importance of determination of the informat:1on frequency
band I_'_Is dependent on the fact that it show.'_the sense in which
th_llmlted nature of the frequency band can correctly be spoken of,
for filters which can be physically created and for real contimmus
messages. We establish the connection between the correctly de-

termlned value of l,'gand the conventional frequency band widely used
in p_actlce, tot (.x,Smpte,I,._ o_ _ _. l_om equation (2 52), we
haw: for the filter charactcqr_stlc _ the type (2.50)

, W :'C
I"._ I,0,s I 'tthr I , ( 2.5 II)

Formula (2.5ll) .shows that the difference in the values F,, and F.. r.
depends on the ._:l.l_nal-noise ratio and on the deF,ree r of°deerea_(_jn

the ampl:ttude-frequency characteristic. _f lib= i00 qthr and _ = 8,
FS _ 1.8 FO. 5.

Formula (2.511)l)erm.l.tsi.tto be concluded that, :Inmu]t_link

systems_ with • >8 and signa],-nolse ratio 2q_.., < qs -<I00 q._.,,
the conventional frequency band F 0 _. used "Irl _}l,_Ict'](;_earl be _.}|_ first

approximation to the.value of the ]Bformat_on f_qu(ne,V band IS .

We transform formula (2.53) to the form

, R,I' bits.
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J

wher_ AI¢, I.,.I t Ih,l_..A (IJl,ll,
II

It; is evident from f(_r.mula (2.55) that thP qu_,ntlt, y N_., - 2q'Fe

Serves as an _ pp_orl I_pt)_*P e_t;_m/_l.P of t,h,, nltIoht_P N O - ()f _eceivel 4
storage devices or, whieh it_ t;ho _me, th() number or _a_upem(_nt_,
The quantity Ali_ o_tlmat(,s the lobs _ri amount (_9 :Int'ol,matton_n on(:
measurement, beOal_se oP a (|e.orua_e In _ml]]Ittld()-fP{_quency eh_tr/iste_,-

iIstic_ of the £ilter. We uot(_ thI_t the expres_i,()n for AIiq coincide_
with the _)stimatu of entropy 1o_,_ :In the lllter, expressetl _n theor',em
14 of ShannoI_ [6, p. 30]], but, in di_tln(:tion from It, it; was
obtained for filters which do not disrupt the Paley-V1ner conditlon.

Formulas (2.52) and (_.53) give the desired a priori upper

estimates of NQ and R S of the quantities N _ and max R for the case
of a priori am_lltude-frequency characteristics of the type, for
example, of (2.50).

The upper estimates obtained of Ng and RS permit reformulation
of the basic assumption set; forth above-in the" followlng manner:
The optimum receiver, n.axlmlzlng the amount of information, because
of noise, is capable of carrying out only a finite number of measure-
ments of a continuous message, no greater than 2TFg, which follows /99

with intervals AtS, determined by the information Trequency band FS:
'I' i

The amount of information which can be extracted in this case does

not exceed the quantity R_, calculated from formula (2.55), and theresulting quanti_edlmageUan be represented by series (2.48)

A ^

m_(t) _ %_m_#_ (/-- I,,A#_). (2.57)
k. I

The basic assumption formulated, sum (2.57) and formula (2.55) were
obtained for the case of a nonslngular model of a continuous message,

developed in the works of Kolmogorov and Viner, with noise taken into
account. We recall that the theorem of Kotel'nikov, hls series
(2.19) and the formula of Shannon (2.27) were obtained for a singular
model of a continuous message (singular functions). We compare the

j formulated assumption, sum (2.57) and formula 2.55) wlth the theorem
of Kotel"nlkov, hls series (2.19) and the formula of Shannon (2.27).
The comparison shows that the theorem of Kotel'nikov and the formula
of Shannon preserve their meaning., wlth rejection of the singularity
of the function, because the noise produces limited Informer:on

i frequency bands. By simple substitution of the limited band F of
the singular function by the information frequency band FS, we can
change from formulas (2.20) and (2.27) to formulas (2.56) and (2.55).
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lloweve_, the o.han8e from serCes (.P-.].9)of Kote]'nlkov to sum (2.5?)

Invnlve_ more serious changes. Sum (2.5'/) does not satisfy the
requirement of preolse representati_m of the functlon re:_olved, In
dist_n(,tion fr'om the s(_ries o_ Kntel'nikov (2,[9), but it Pu]PCI]B
the requirement of maximization {_P th__ amount o_' Pm_eiv_b]e _nPor-
mation. In ennne_tlon with this, c]arit.v in s_l_,st1(_n nt' unit
vectors and simplielty of calculation of the) expan,i(m eooffielents
(readouts) are lost. Readouts in sum (2.57) do nnt equal the in-

stantaneous values of the function at points ](AtR, but "c.lusters"

of energy E_, accumulated in _nterval Ats, of th_ f_Inction perceivedare detected.

2.5 Potential Resolutiorl

The maximum number of readouts (measurements) made by the
optimum receiver of continuous messages depends on the energy stored.
From this point of view, the potential resolution is an impor-
tant receiver characteristic.

Depending on the a priori information, the potential resolution
can have different definitions, according to different features
(criteria) and, correspondingly, different methods of calculation.
We will classify two definitions of potential resolution (two
methods of calculation, correspondingly) [49].

i. Definition of potential resolution with /I00
a priori known pulse shapes, from pulse differences ......
on the noise background (for example, in widths);

2. Definition of potential resolution with
a priori unknown pulse shape, by so-called Rayleigh or
classical characteristics (criteria) of resolution,
the presence of a dip in the output response.

The method of calculation of potential resolution of two
pulses of a priori known shape has been developed in work [50], as
a generalization of the statistical problem of detection. It has
already been noted in section 2.3 that optimum reception of the
simplest message, of a pulse (in Cartesian coordinates of a spot on
a uniform background) can be accomplished with an a priori known
position of it, by means of a single matched filter (storage device).

We complicate the message somewhat: Let it coincide with either
one unit vector or with two neighboring ones, i.e.,

.J,(t) ,t_(I ,:./_%1) _ ,l_lt -_k I-I)%11. (2.58)
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k *,J The po_Ition_ of the pulses
.... r" I -'I-'Ii" ' t

i._..+ the v_]ue_ k and k + I _re

b _ known a priori. Then+ the set of
VI

, posslble messages oonslst t)f fnur
messages, and it Is represented _n

c' _ Fi_, 2,13, Fo_ the optimum recep-
tion of a message (formula 2.58)

I on a backgroundof nots++,it is... sufflelent to have a storaze device
consisting of two matched filters.
The choice of one of four messages

Fig. 2.13 Set of possible can be made, by means of a signal
messages: a) no message; limiter at the filter outlets,
b) message coincides with according to the threshold level
k-th unit vector_ c) message established by a previously desig-
coincides with (k+l)-th nated probability of a false alarm
unit vector; d) message (the Neumann-Pearson criterion is
coincides with both unit used). Then, the probability of
vectors detection of a pulse is determined

by the signal-nolse ratio

,/ 21_ilN,,,

where E1 is the energy of one pulse and Sn is the spectral density
of the noise power.

To establish the presence of two pulses, i.e., to resolve two
pulses, is possible in this case, when there is no dip between the
two pulses, even in the input signal (Fig. 2.13d). Of course, what
has been said holds true for message (2.58), when argument t is
substituted by Cartesian coordinates (x, y), i.e., for the task of
resolution of two adjacent squares (without a dip), on a background
of uniform brightness. The possibility of such resolution is easy
to test visually. The eye, knowing the width of one square (or line),
establishes the fact of the presence of two squares by change in
width. The visual analyzer resolves not only two adjacent lines /101
from one, but two overlapping lines. Knowing a priori that the
lines have the dimensions shown in Fig. 2.14a, it can be seen imme-
diately that two lines overlapping one another a_e represented in
_ig. 2.14b, as is explained in Fig. 2.14c.

b c_ The simple considerstlons pre-
sented on the differences in two
overlapping lines (pulses) have been
formalized in a method of calculation

Fig. 2.14 Resolution of two of the potential resolution
overlapping lines by increment developed in work [50, p. 319].
in width (area) The initial assumptions of this

method are the following. A signal
enters the receiver inlet, in the form of two overlapping finite
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pu].neB on a backgrm_nd of white nols. 1 Ag(t)+ Ag(t- _) + n(t),
where A l_ the pulse amplitude and ,_ _ the distance betweon pulse
conters, no Ereator than the pulse duration At.

The shape of pulses g(t) _nd their possible positions (i.e.j the
value t = 0 and T) are known a priori. _helr amplitudes and the fact
of the presence of pu_es are unknown. In accordance with the theory
of the optimum receiver, one meesag_ of four po_slble ones might be
selected, i.e., two bits of information must be obtained. The,
specifics of such a receiver depend on the fact that the pulses are
not orthogonal, i.e., they overlap, Therefore, two filters,
matched only with each of the pulses separately, cannot be used.
Matching must also take account of the degree of overlap of the
pulses.

Correspondingly, the mutual energy of the two pulses is:

I:(0 .l:'I_(U_(1,).,If,I:'0_).4'_J'_V(O,III.',
U U

The degree of overlap, or correlation, of the two pulses is
estimated by the correlation function, more precisely, the autocorre-

latlon function, /"

........ •................ , (2.59)
Itz

j l__(0 ,It
since the pulses are identical, o

The autocorrelation function is even, ¢(_) = ,(-T).

Examples of finite pulses and their autocorrelation functions /102
are given in Fig. 2.15. The following are numerical charaeteristlc_-'--

, of function _(_)

I. Function width at zero level ¢(T0) = 0.

For finite pulses with duration At, we have
_n " At. It is evident that pulses shifted by
iflterval At are orthogonal.

2. Equivalent width of function

_""%1*_(,),h.,,.<,,,.
0

It was shown in work [50] that the optimum receiver must con-
tain two filters, matched, not simply to each of the pulses, but with
consideration taken of the autocorrelation function @(_) [50, p. 312].
The probability of correct detection of a pulse P,_ at the outlet of
each of the matching filters, with a given probab[lity of a false

l_e assumption of equality of the pulses simplifies the calcu-
lation method.
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,' z]_lnrqtl_ W4 i] _h_i'l bo. _h_ ti}n_lnt, nrl|ou,_ ,Onmt_ -n'

- _;_ /J_t 7 ,.'t. _= llavln_ l':lxt_(l tile, d_,l;_,L]ou /lO_..

_, an equ;ttion f_! (,alcu]atJon or' th<_

r_>solution _nterv;_:l from equz}t:lon
b) ,, ___%r (,_•60)[50] %

--'_ :'1" I I ')'=( 1,.)1 '/th*'p (2..61)

L_;r

where q2_r is a quantity dependent

i

4

on the _T_en detection probability

/_ Ppo"

, permits the resolution interval _p
', to be found, i.e., the smallest

_ shift between pulses, at which the
m ;/ _.},,_ '.:' receiver can still make a decision

on the presence of two pulses on
• ' ,eFIE. 2.15 Finite pulses and the noise background The quantity

their autocorrelatlon functions i/_ is a measure of the resolu-
tion limited by noise, which can bePcalled the potential, :Ifthe
definition of Kotel'nikov of potential value is followed _4, p. 10].

The equation of the potential resolving power (2.61) has a very
simple explanation. The output signal from two overlapping pulses
always differs from the output signal from one pulse. The difference
in these two signals depends on the extent of divergence of the
pulses. At the output c an optimum receiver, the energy of the
difference output signal

'.. AI'o) H_[I %;0)1.

It is evident that

_1,(,) I1_, at _ .%t,
I () at t (},

Consequently, the expression on the left in equation (2.61) can
be considered as the maximum ratio of the peak difference signs]
power to the white noise power at the outlet of a filter_ mntched

IAlthough the change from function (2.60) to equation (2.61)
and intemp_e_atlonofthls equation is not directly present _n work
[50], this appears to be evident•
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I
with th_ difference sIBnnl, With a B_ven detentlnn prnbBbillty

P-o " con_t, uBuall_ Bre_ter th_n 0.5, this ai.Bna]-nnIs_ ratio ml)st
b_ equal to th_ threohold ratio qeh, (dependlng on the exoeB_ nf P,_
over 0,fi), which expresses tllema_matlc_: re(_ordlng Ir_,qu_tlon v..
(2.61), The interpretation _f the r_solutlon Int_'rval T_ a_ the
width of the autocorrel_tion funntion fh)wB fr(',mequatlhn (2.61).
For this, we rewrite it In th_ form

/

'1'(I i,J I I %hr'_''

Equation (2.62) show_ that the ree_olutlon Interwl _I'i_ equivalent
to the width of autocorrelation function _(_) of the input pulse,

which can be reckoned from the threshold level (Fig. 2.15): %hr "

I I .-(#i_/li.,where V, _-- Is the output signal-nolse ratio of one
pulse. _"

It becomes evident from equation (2.62) that the width of the /i0_____
autocorrelation function is a measure of the potential resolution,

however, not th@ equivalent width '_e,but the width _p from the
threshold level¢

To illustrate this conclusion more graphically, we assign a
specific form of the autocorrelation function. Examples of function
$(_) are given in Fig. 2.15. For a rectangular pulse, we have

'.!'!t (2.63)

where • At.

Applied to two overlapping rectangular pulses, shifted by _,
difference At - I_I characterizes the change in width, in comparison
of a double pulse with one known a priori. Therefore, the quantity
(2.63) has obvious meaning as a measure of the relative change in
width. In accordance with equation (2.62), for resolution of two
overlapping rectangular pulses, a relative change in width must

exceed the threshold value Sthr'

Substituting (2.63) in equation (2.62), we obtain the width of
the function from the threshold level

4. _

iAn estimate of resolutlon by the equivalent _e [51, p. 119] _s
preserved up to the present time |52, p. 205]_
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In 1_h_ gprm_.,l aas_, _wn £uncl;_m _(_) ¢_n b_. expnn(h_d In a_ Maolau_,in
s_rie_ _.nd be. llmlted b_, the f.'Ipsttwo t_'m:it

SubBt;itutvln__,(2.65) Jn e.qu_:Lt.l.on(_.6_-)_ wv (_btainI

,I

,I_:h_:.. ,}
(, •

" :.l.l ,I:'(,'}I ( G6)
,41,i

The solutions of equations (2.64), (2.66) and (2.62) demonstrate
graphically that, with a given puSs, width At, the value of the
resolution intez.val _ decreases monotonically wlth Increase, in signal-
current ratio 2EI/Sn."

It follows from equation (2.62) that, in the presence o£ noise
(Sn > 0 and q_h,, > i), the increase in energy IZ_ of the pulse permits
an unlimited [M_rease in the potential resoiutl(?n,i.e.,

hlliIi, (| OZ" lilll-|. ._,.

The absence o£ a limit to increase in potential resolution __
is an important slngularlty in definition of this concept [50],
dependent on the presence of much a priori information.

__ I A method of calculation of the

4 potential resolution was developed
in work [50], foI" application to radar.
It is obvious that its use 't_ television

is possible, if the initial requirements

_I for a priori information are satisfied•

_. For example, measurement of the shift of
a spot or line, the shape of which usu-
ally is known a priori, can be made in

Fi_. 2.16 Two-llne Foucault globe a television system, by the criterion of
and its au_ocorrelation function detection of a difference signal.
The minimum value of the shift, _, is calculated from equation (2.62).
It is of interest to apply the method of Hellstrom [50] to resolution of
a lined Fouoault globe, by which resolving power usually is measured
in televls_on (see section 1.5). The lines in the Fouoau!_ @lobe
(Fig. 2.16) refer to orthogonal pulses, since _(dt) • 0 and, what is
more, _(_ - 2At) = 0. From the point of view of the HellBtrom me_hod,
resolution of the Foucau!t globe degenerates into a Bill!ple problem

,, ,.o

iFormula (2.66) coincides with the Woodward formula for d_s-
persion of errors in measurement of coordinate_$ [51, p. 107].
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in dete0tion of each ]Ine _eparate]y. '])he_Ign_l at the nut;let oC
fi]ter matohed wlth one pulse. (]_ne) is. _hnwn In I:,HE.2,]6, [t _n

evident that the nnlpl._tude of the,,dlp _n tho _mtput _l.gnal.eqlmln
the pulse amplitude. Th_ probahil_t,y nf d_t_ntlon ,)f 1.h,, d]l, ]_

• . ¢ I II .

defined by the slgna!-nol.e rnti¢_ 25,1/_n. lh_ p,_t,,ritlt=lro_(_lu-
tlon i/_2, or the. dl.tanoe between £he oent_,rn ¢_I'the, i_n_l

_2 • 2At, und(;p oondltlorm of thr(_hold det,,atlnn of a dip, Is onl-
eulatod by the formula

'f I:'1 %*,'tI ,%I

S. ,%, (l_hz, (;), 67 )

or ,m

]'t iS evident; that expression (_.67) is L1 parl;Icu]ar t'or.lof
equation (2,6]), at $_(T) • O. When the matchlnF, filter serves ss
a photon storage device, taking (2.16) and (i.i) into consideration,
it can be written that the ratio

'.'.1",/,_;,,..I':W,,.aAl"4J'l'k'=.

Substitutin_ this expression in (2.67), we obtain the well-known
formula of Rose [8, 53]:

"AI'=LII'I'_ 'l%hr" (2.68)

Obtaining the Rose formula as a part of the more general /106
equation (2.61) makes the fact evident that calculations of the llmlt _---
ing resolving power [53] holds true only for filters matched with an

=_ a priori known shape of the lines in the measuring globe.

We proceed to examination of the concept of potential resolving
power, based on the classical Rayleigh criterion of resolution and to

:. stating a method for calculating it. The classical definition of
resolving power arose on the basis of formalization of the process of

i decoding optical images and distinguishing fine details in them. by

'!:i means of a television system. The presence of quite a large amount
of a priori semantic information _s Inherent in the process of obser-
vation of complex objects, by means of a man decoding received tele-
vision photos (images). However, there is no a priori nonsemantle
information on the shape of the object, generally speaking. There is
no a priori information on the shape of fine details of objects being

I distinguished. In connection with this, the classical criterion of

I: the presence of a dip in the output signal becomes important.
| A visual laboratory estimate of resolving power of a television

i device assumes multiple repetition of measurements, for the purpose
of finding the average value of the resolutl(m and the error in
measurement. In the initial phase of the measurement process, the
observer can acquire information on the shape of single lines. This
information can be used as a priori, in the course of subsequent
measurements. Consequently, the observer can measure the resolution

of two lines, having a priori information on the shape of single
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lines available, _.e., he san use a rionnlasslcsl Indication nf

pesnltltlon. A_tu_ll.y, egpo_len_o oonf_rlD_ the pnss_bllity nf a
oop_eet response of 8n obsspver to the presence of) two ]In@s snd_ _n
those cases when he does not f_nd a dlp between the lJrles, but
gussass at the,p_"e_enee ef two lln.s. ('_om the width of the irnsRe oP
the globe. However, the, method n? measurement nt' po.'iolui;:I(_n nt'
_} to]evlslon (or phntogr_ph_o) (l(_v1:(:e prevents the observer fx,om
making a deolnlon on the p).e_ene.o of' two llne_ It) the _hsen(;e ,_f n
gap in the Im_go or' the _lohe. The _equl)'_m(mt J,m D(.m)l'IIn_ two
lines only by the' _lasnlol_ sh0),oet(_tstlo (,f det(_ctlon o(' a dlp tt_
reported to the obBervu _ :In hln Inst),ustion borer,, imprint )ii(_ll)_urofl(,))tt_.
This requlrem(_nt r(,tlect, the etfo),t to t_ppr()_Imate .,,_at_)_r(:m(:r)t of
reselvlng power to actual condltlons of' intorpr(_tatlon of tel(:vls:lon
photos, te condil_ions in which It :is difficult to obtain comD]e_e
a priori Info_.matlon on the shapes of details being distinguished.

It Is clear that, with any pulse (line) shape, if only each of
the pulses has one peak, the presence of a dip in the output si£nal
(change in sign of the second derivative of the signal) is an un-
ambiguous indication of the presence of two pulses.

The effect of linear distortions of' a filter on pulse trace- ./10Tmission was reflected as early as the work of Nyqulst in 1928 [5_]
We illustrate thls effect by means of an oscillogram. A double
pulse entering the inlet of a low-frequency filter is shown in Fig.
2.17a. The distance between pulse peaks equals double the pulse
width (_ = 2At)) as in the Foucault globe. The amplitude-frequency
characteristic k(f) of the filter satisfies the Paley-Viner condi-
tion, and it has a frequency band equivalent in area

;",,:: (I)dl

The amplitude-frequency distortions
of the filter cause a decrease in pulse
amplitude and broadening of it (Fig.
2.17b). This type of distortion depends
on the ratio between pulse length and
the equivalent frequency band. The
condition of "undistorted" pulse trans-
mission was formulated in work [54, pp.

Fig. 2.17 Effect of llne_r 621, 622]_ thl8 undistorted nature
distortions of a filter on (proportionality) Is understood to be
pulse reproduction the pulse amplltud% permit _ dis-

tortion of the pulse shapes. According
to the Nyqulst condition, the area-equivalent frequency band and the

flat and subsequently decreasing amplitude-_requency characteristicof the filter should be equal [54, p, 662]_

1As applied to telegraph transmission of a sequence of pulses
of different amplitudes, the quantity 1/At is called "s_nallin_
Speed" [54, p. 619].
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i'K (Ihl / :' _ i, ( P. (_U)

(hmdJt;.t_ll (2._0), in tile Ilp",ht ,_T' t;lJ_ lllt,¢q, _h,nm.pt *,1' h,u,tl|
(ll' It IIIttt;oh;,d l'l]t;eT,_ ('ill! b,* ('¢,l|HldPl','d In_ _i u¢qtdli;l(m of' lll(q.!lpl¢'tl,
|ll_lt;elIJlU -_, (|||uHtltll/ti;ohlnp3 el' n l'l]l:er, wl_;h nil Input pt_lm_. A m,tq.nlrl_,.
Wh_[(!h _Lt 0:1,Ol_(! |;(_ J_h(! /l|LJ;(_(_r,r,(,Itlt,|*]|l fHll(tJ_l_|] i,i_pl,{,lh,llt(,i] Ill },_I_",,

;_,,'161,W|]l: |)I'{lbrl_qc'V('d tl_ J;hl' (HI|;|IIII;01' ml_th n qlltiMlllitll;(!h,'dl'JlJ;l'**o

'l'h_;t.l,I)Ill')llnl)w]:ll hnvo :lllllO_ll;n I0()_ dlp bl,l,wP()llplll,qmt. 'I'Im
t)t'e_toll_)of n d:l,lt 'In oviden(;e oY l_u]ne :l'(,qo]llt,TlOtl, lloweveT'b i;ht_t
dO(_II IIo'L,llI(_lilli;|IIl(;i;ll_ UOll'_i:It;iOllel' pll_LV_III'el,_O]Alii:lolllllIl_[tO_,ll

_;_tablJ_d_ed, n_ It a_v_el,t(Kl In wot.k [3, P. I(;], of th,'_l;t;he equ:Ivti-
le.I-li;Ji'l'eqtli_Ilcyb:IIld ]._. cl_.n be tl lllSIII,_l,':[llIl_IIltetLtlLl_'eof' PtHJ(}],V:III_

pow(,l'. In l'a_L_ _he _{p :l.n :uenp_nme ._.u a double pu'.l_e wt]]. be _,e-
sent; when t;h:ts eondltH.on (2.69) :l,s violated. 'l'ho resl',on_le at I/PAl;

]" . l'.lp_,esented in I,'ll_,.... l{b, q'h(_,_':11,u,d;ionbe.come,'__%t',l]/[ /].0_
l,OZ'ee_nde£],n:Ite, i.£ i_ :Ls not: l.%mlted by t:lclass of f:tlter, w:Lth ........
t_ot_o_onlc{_].l_dec_,easin£, amp.l:ll.U.de-Crequerlcy ch_pl_ct_r]._;'.[e_ahd_ as
wil], happen .i.npractice, tile possib].lity of Ine,,ea_Lnp; these ,-'h.:'!r-
[lOl,e_.]sl.lcs :d; h[l_t_ f*'_quene,],e_%,_] used, Instead of two pul_s
(_':tS.2.18a), we supply pulse_ wlthou_ d]ps between them _o the
input of such a filte_ (I,'i}_._.iBb). The conclui_ion wou]d seeln to
be true that the pulses a_'o not z,esolvedl however, the rise in the
amplltude-frequency shar_ctez, lstlcs of the filter (Fi_,. _.19) in
the high frequency region restoz'es the dip in the response (Fi_.
2.18o). Asymmetrical distortions of pulse shapes and oscillat_Ions
az,e caused by the phase-frequency d_stortions of the filter, which
arise in raisins the characteristics at high frequencies.

Fig. _.18 Restoration of dip between
pulses, by means of ralsing the amp]Itude-
f_equency characterls_Ics of the filter:
a) Initial double pulsel b) smoothed out-
put pulses| c) output pulses w:Ith restol.ed
dip.

The posalblllty of _estor_n8 a smoothed dip is evidence of
ambi_ultM of the classical indicsbion of resolution, the presence
o_ a dlp :in the outpu_ response. It Js caused by th,, faeb that_ In
the absence of nolse_ the effee_ of whiuh was not taken _nt,o con-
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,.., _,'<! ........................ :ider, st_,_n Irl th,,, o.],'m_Ic,nl d_q"Inl-

"# _"' by int_n|l_ £)f r,er_t,(_r,ltl_ 1;.h_ dlr,.

L,, -4.

.':" , J lnw)].w_ t,_kinR gl%e ]._mll, lm_, .t 9c(,1_

,.# / ._ ...... . ] 'ltzp of no_._e in a d(_ubZe pu:l.ne

_ " " m_u_k;_ the d'J.p ((i,:I_;, 2,;_Ou) |)et;w(_en

',' ___..__," ..... _ pu]se_, which fluctuate:_, Therefere,

e._" • --'-% Lh_: prooes_ of deteet lon of a d_._)
_._ between Dulses is probabll_st_c.

#--_-_._ , _ ,_->--._ ,,,'res Supel'impositlon of noise or, a double
pulse ir,f]Jcts damage on the dip

Fi{;. 2.19 Amplitude=frequency between them, of only a pa_.t_allE
characteristics of f_iter ' restorable nature. When the dip

(video amplifier) with increase between pulses is masked bf noise,
in = • K(f .,)/K(0) In high-, an increase in the chaPact_ cs
frequensy _ion of high frequencies in the f_ ':er

only partiall) restore" :U, i[":,S,
2 20) A further strengthening of the increase in _,l,_h z....._er._s /109
tics only means that the dip is completely "drowned" _n =he no'se.

What has been said leads to a concept of potential resolvi_g
power, which is estimated by the least distance between two pulses
(two-llhe Foucault globe)_ by the criterion of threshold detection
a dip on a background of noise. We will call this potential resolu-
tion informational, since it has a method of calculation, based
on spectral-lnformatlonal representat$ons [33, _9, 57-59].

We turn to the structural dla-
gram of Fig. 2.21. Two rectangular
pulses (an analog of the two-line
Foucault globe) are dSstorted by
low-frequency filter K_(£) and,
summed with the white n_is_,° which

has a specturai power density Sn,
they pass throuEh low-frequenc_

filter E2(C). The receiver should

Fig. 2.20 _ffec_ of noise on Fig. 2,21 Structural dlagram
restoration of dip between of calculation of potentia_
pulses: a) smoothed output
pulses$ b) output pulses w_th resolution
restored dip
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+

reoo_d a state o9 threahnld detectlon of the dip between pu_es,
I.e., the _tSte of threshold pulse resoIwt_on, achieved st the least

d ista_oe T_. n between p|_l_e pe_ks, from the rlo_.s_, re_pntlse _t

_ilter K2(_ outpl_t. The Information potential re_(,lut:lon D - /110
]/'_-in m I/2AI..11n por./uo+e(por./n)m), We shrew that the upper earl- -.....
mat'_ of'the pn'_entlal resolvln_ powe_ D is th_ Informati_m frequency
band Pflof the filteps.

At the output of filte_ :'2(f),the, hIRhest _at_o of peak pulse
power to noise power Pn

A_ A'

.

Eno,_ing a priori the frequency signal-noise ratio q _ K_(f),
we find _he information frequency band of the filters fr_eqGatlon
(2.52)

q_X_(l:_) '4h_' (2.70)

where K_(h]:_K*{_K_(I)'

We take the effect of the amplitude spectrum module of two
rectilinear pulses into consideration

O "- _tlLaAt_ •
q',(1) .,+l,_l "._T ¢('sn_1' (2.71)

where A is pulse amplitude, At is the duration of one pulse, t equals
2_t is the distance between the centers of two pulses.

_u% The spectrum _2(f)/_2(0) is

1 shown in Fig+ 2.22 It has zerosat frequencies 1/At, 2/At, 3/6t,

. .., because of the fact that

\\ the pulses have a rectangular
+\ shape. The presence of two pulses

causes the appearance of a cosinu-
,_ , ,+ _ _ + / soidaltermin spectrum (2.71),

n ._¢ c '_ ¢ which, in turn, causes the pre-
Fix. 2.2_ Pulse signal spectrum: sense of the so-called doublet
I] one pu!se_ 2) two pulses zeros _t frequencies I/2_, B/2_,

512_,

At the output of filter Ko(f) , on the background of noise, the
receiver can measure only finiEe sections of the spectrum ¢2(f)Kr(f),

including all frequencies up to the value F , which can be determined
from the equation (_.23):

q,.(.) -- 'It_r '
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'_{ It i_ _yid_nt frnm a O_lllpnri-/]ll
son nf t_qu_tl,_ns(2.,70)nnd (2.72).........

_'..#,. , that
"I_1%(J I",, I",,,

.r (,- .

i; ,,I,',,,,

where _I • J Is a eoefl'1(;lent.

,t_; To rupr,odue_ tim dip between
. _,,. ,, ., <, ?" the pears of two pu],_(,mseparated

by _., ;Itis necessary (but not
Fig. 2.23 Explanution of :_ufflclent) to reproduce the :_pec-
calculation of potential tral component with frequency ]/_
1'esolut:ton (Fi_. 2.24). Consequently, the

following condition is satisfied
in potential resolution of the pulses (l.'_i",.2.23)

• _m'In
Of"

I, , /,,,, (2.74)
II.,

where _2 • i is a coefficient.

Substitution of (2.73) in (2.74)

gives the formula

Fig. 2.24 Explanation of I_ J,tI%|,_ ' (2.75)
necessary condition for
resolution of two pulses where l_,t,__ L

_ormula (2.75) prove_ that the information frequency band F8 is
an upper estimate of the potential resolution D. ]_':IndJn{_
of coefficient _I/_2 in formula (2.75) is a more complicated task.

It is well-known from experJ_ence in television that the presenc_ll2
of a dip in the response between pulses is connected with the high- _--
frequency portion of the response spectrum, of which the possibility
of restoration of the gap is evidence (Fig. 2.18). Direct instru-
mental measurement of the response spectrum and comparison of the
response shape and its spectrogram show that the appearance of a dip
in the response is accompanied by the appearance of a hump on the
spectrogram, after the first doublet 0. The width of this hump,

_ measured by the receiver on the r.oise background, is limited by

frequencies F^ and F , which are solutions of equation (2.72) (see
Fig. 2.23). _he hypothesis might be offered that above-threshold
rep_'oduction of the hlgh-frequency portion of the response spectrum
at the output of filter Ko(f) , with a frequency range (F^, F ), is
equivalent to detection o_ a dlp in the response. We ta_e i6to con-
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slderation that the amount (}_ In_'o_IIlatlon, whJ,_h reBnlutlon n_'
two pulses cnrrles, oquals twc}hlta. Th_s as_,ertlon csn he wr1_te.n
in mathematlea! form, ustn_ formula (2.53). Ac_,or(|Ingto _(_rmula
(2.53), the am(_unt of Int'o_matlon in reeeptlun of the high-£requency

section (FG, Pc) of the sp_+ctPum In _nterva] ,rm_n

('')K;(1)al,b .ts. (2.76)

The spectral-informatlon conditions of potential resolution is
written in the form of the equality

| _" ....q2_,,'_'_'([!,,.K :!(#),_# _,•. , (2.77)
where F0 and Fe are solutions of equation (2.72), i.e.,

_'(_;')_ '1"_ qth'z' (2.78)qs /,re(o).,,'_ .e
4'm(l"a) , ,.

_'_ ¢.(I)) K_(I,,) qthr' (2.79)

The spectral-informational condition of potential resolution
(2.77) can be rewritten in shortened form:

bit
_u R'(I,',,, I,',). sea., (2.80)

where R,(I,, i.) _R(j,.o,!;,)is the c entropy of the section of the
response spectrum._mln

Formula (2.80) establishes the fact of equivalence of the po-
tential resolut:Ion and the ¢ entropy of the hlgh-frequency

section (Fo, F¢) of the response spectrum in two test pulses.

Three equations, (2.77), (2.7'8)and (2.79), form a system of
equations for three unknown quantities, D, F and F_. Solution of
the system of equations constitutes the content of _he general method
of calculation of potential resolut:1on D. A sufficiently,
precise solution of the equations can be obtained by computer. A /ll3
There is practical interest in an approximate analytical solution.
Such a solution was carried out for the system in Pig. 2.,.I, with
the following approximations of the amplitude-frequency character-
ietics of the filters:

K,(/) I

'II ""

^'_(I) "1 _', l>ls,""

IA test of the correspondence of the values of the potential
resolving power, calculated by equations (2.77), (2.78)and (2.79),
with values obtained by v_sual e_aluetion of television imaF,es of
two-llne Foucault globes, was carried out in work [60]. Coincidence
of the values confirmed the correctness of the calculation method.
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The noise power a_ the outlet of filter K2(f) ia Pn " Sn_Si _",I' K_Cl)al', bS.l,_, where b _ 1

The Inf_rmatlon frequency band equ_tlon has the form

-"7_V _w"vth_.

where

V,;_ V be,

With increase in the output slgnal-noise ratio qs' the value of
F S increases according to the rule

. .

Omitting the course of approximate solution of the equation,
we present the final result, in the form of an approximate formula
for calculatlor of the coefficient

I', _.bJ_/I........ ::';'!--1_
"' _ _ _ .....,] (2.82)

qthr

at qs • cqthr' where c = 5.27 for a rectangular pulse shape.

If the output signal-nolse ratio is high enough that /114
the condition q • cq is satisfied, by taking (2._2) into consid-_
eratlon, formula (2._ iS simplified:

," (2.83)

Formula (2.83) proves the proportionality between the potential

resolution D and_the information frequency band FR at sufficient-ly high output signal noise ratios. This conclusion h_s important
practical value. It turns out that_ to find the potential resolu-
tion in the first approximation, it is sufficient to solve the
information frequency band equation.

Information frequency band equation (2.70) is written for time
filters. Let us see what form this equation takes for a directional
filter, which a television camera is. A television camera has direc-
tional amplitude-frequency characteristic K_4 . (vv, _.), determined

for directional frequencies in the line-scaMPing aire6tion ux,Per./mm,
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and by frame _.. Then, tho frequency :llgnal-noise ratio I_ defined
by the functio_

KdJg"' (2.84)

We specify the definition of the _Ignal-nol_e ratio (I_ at the cnmera
output for a large detail, taking the effect ot llne-Ncanning contrast
and density into account:

,l Cl__''_ at: k_:>l, (2.85)Vt

j'l._ _ktl Vk'l,, TM at _"_i,,., (2.86)

where k = AB/B$ is the light contrast of a large detail; 29 z = z/1
is the llne-scanning density: _ is the steepness (contrast coeffi_
cient) of the light curve, represented on the logarithmic scale;

q0 is the signal-noise ratio of a large detail of the greatest
contrast (k ml), determined at standard line density 2_z0 , from the
light curve and noise power.

Expression (2.85) reflects the inversely proportional dependence
of the signal-noise ratio on line density. Formula (2.86), besides
this dependence, takes the drop in video signal current of the camera
into consideration, which is proportional to the quantity yk at low
contrast (k < i). Taking account of (2.84) and (2.86), equation
(2.70), for a television camera, is written in the form

. ' " "" 'Ith, (2.87)_'_ I_l, 1)(I.(11,i,1) "'_,_

where k is the test patterncontrast.

Equation (2.87) connects the single functional dependence of /ll5
the contrast k, background illumination B_ (exposure B_T is Included'---
in the quantities y and qn through the light characteristic), with
information directional f_equency band (v_, v_.) or, which also is
in the first approximation, according to _.837_ with the dimensions

_; of a resolvable detail A_SxA_Sy = i/4_SxVSy.

The contrast k, background illumination B. and the area of a _
resolvable element A£s_A_s_ , included in equmt_on (2.87), are thresh
old quantities, since She @quation itself reflects threshold reso-
lution conditions, limited by noise. It is evident that, at constant
background illumination B_, the threshold contrast k, perceivable by

a television camera, increases with increase in area Agc A£_, of a -resolvable element, because of the decrease in d_rectloMfll _plitude
frequency characteristics.

Equation (2.87) is the basic equation, which formalizes the
operation of a television camera as a receiver of light images.

Functions _(BT) and qn(BT), included in equation (2.87), can beobtained in form of l_ght characteristic and noise power calculation
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tables or curves. For aolutlon nf equation (2.8?). the type _r
directional amplitude.lfrequenc_ aharaateri_ti_ must be made specific.
In television_ the moat widespread method of m_asurement of' resolu.
i.ioI_ by the lined Foucault glebe, the lines of' which are Innated

i: perpendicular to the rows and have a larger size in this directlon_
corresponding to the dimensions of a large detail. In this partial
case, the direotlonal amplitude-frequency characteristic degenerates

into a unidimensional characteristic Kdir(_x, _y) = Kx(ux).

The more general case is resolutlon of fine details with small
dimensions in two directions. Resolution of the squares of a small
checkerboard,test pattern can serve as an example. In the first
approximation, for an isotrop:Ic directional amplltude-frequency

characteristic, it can be assumed that I Kdir(Ux, u,) = Kx(Ux)Kv(v,)
= K (u), in which Kx(U x) = Ky(Uy) - K(u). J _

For determination of potential resolution along a line
from low-contrast lines, equation (2.87) has the form

%'_

To estimate the two-dimensional potential resolution _ _in two directions, for example, by means of a low-contrast checker
board test pattern, under conditions of isotropy, equation (2.87) /116
is written in the form

ky(B_7')vo(B,D_K'(vs)= _ht' (2.89)

in which USx = VSy - vS and vz = uS .

The quantity _g is a numerical measure of the specific potential
definition of a tel_vision image. It equals the maximum line density
(gg = u,), at which the maximum image definition is achieved, with
equal p_tential resolution along and across the lines

(_Sx " _Sy " _S)'

Equatlons(2.88) and (2.89) can be solved for any of three un-
knowns (k, B_, _), on the assumption of the other two being fixed.
For calculation _f the potential resolut:_on and specific defini-
tion, the equations must be solved for the information frequency band.
The solution is easily obtained by using approximation (2.50):

IMore precisely and with the anlsotroRy of the function taken
into consideration, values lying between K_(_) and K(v) can be
given.
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I
K (_'I

c .9o)I J ')"I',,%

An amplitude-frequency characteristic of the (2.90) typo ht_san
equivalent frequene.y band

T, dv _' ,Ix

%' Zl'-i'_.............(_-_-)'vo._ v°'n_ _'°'_ '

At _ Z 2, the values of _e and _0.5 differ by no more than _/2.

By substituting approximating function (2.90) in equation (2.895,

we obtain I

I"Y'I"""_ ":' ' ' _ Vu..)i..... _ "_./":_,'j_. 'Ith_"'

By using the working section of the camera light characteristics,

the value of _S can be greater than, equal to or less than the value
of _0._, because of the decrease in detail contrast• In the partial
case, When _S = _0.5' the equation is simplified:

l

At adequate detail contrast values, when _ _ _n =, the units in the
denominator can be disregarded and the equation _9_nsformed to the
form

%'11,11

(2.925

We find the solution of equation (2.895 from (2.92): /117

!

v_ .v. {,._,+_¢_m"_. ' _'_"_ (2.93)o., at Vo.

By substitutin_ (2.90) in equation (2.885 and carrying out
similar transformations, we obtain the formula for calculation of the
potential resol of a television camera along a line, for

values of _Sx _0.5 _

vs, ,.s k "_"thJ ' ( 2.9 4 )
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It is nVldent thtll;, I,'o_, deteI,II|lluItl(_ll c_l' v_, by l]l|e_; (_t' th(, p:r,etlt(,;_t
CC,ntl',_-_t (k _'> I). w:lth (2.Br',) tnk¢',n lntr, _:_nldo_,ni;ion. the i'_llow-

I

va '1t; IIT _

We comparo J?ornlulas (2.!)3) and (2.911). 1,'of laIq_.c wlllw_ of' _. t'.ht_

values of vo ll.nd vq., wl]] be, o'.lonc, to i,h¢; (;Ol'|VC,)nt,_¢)lltl] i']'(_qH(,ll¢l,V bflI'l(]
vn 5' llowo_}c,.r, In" _,n(:t:l.ao,, small valuer; et' ,_ r,..t,e po.'u_ib].c_, ly:t.nt; in
t_. ra/l[_e 2 ._ a < ._. l_oz , _t i'lUlllL_l,i(_a],oxatllpl(,, we ta](e _]1¢} V/l]tl{) (_ m _.

Then, at q.. I ]00 (1... r and v = v,^, thc po_oIIt:lal reso'ivl.Ill _, power
alon_ the; _Ine vS_,_'[IDte.rtllin_d:['r_l_a t_].obeof the _l,eatest colltra,_t,
will be I0 times _reatcr than v.-. rr.' At the same values (, : 2 and
q. = i00 q"h"' but with low con_@_st, k = 0.2 and v = v0 r_'_.Y = l,
w_ obtain _}_ potential dof_nltion v_,from formula (,_.93),'9_TDl_TU-LT.--

1.8 times t;reater than the value st' _n._ owu.all. 'l'heexample
introduced at;n.ln confi.rms theft the cofivdntlonal frequency band u., r"

or the Nyquist equivalent Irequency band ve can be enly the fi_ •
approximation to the resolving power under"specifle eondit:1on.'_.

In concluding this seotlon, we briefly summarize the p:eneral
outlines and differences in the methods examined of caJculatlon of

the potential resolvln_, power. In both methods, the potential reso-
lution of two pulses is determined by the threshold detection on a
noise background of one indication of resolution or another:
Detection of the relative increment _n width or detection of a dip.
The difference in the resolution indicators is a eormequence o_ the
difference in amount of a priori information. When the pulse shape
(for example, a rectangular pulse) is known a priori, the relative
change in response width c_n be used as an indicator of resolution.
This indicator ceases to function, if the pulse shape is not known
a priori, rl_hen,one must change to the Rayleigh (classical) indi-
cator of resolution.

A numerical estimate of the potential resolution is enrrled out,
aceordln_ to the width of the autocorrelatlon function, or amplitude-
frequency characteristic, which are known a prior:l.

In both cases, the width :ls calculated t'rem one spee:tal read- /!1}3
out level or the other, depending on the output s_gna]-no_so ratio.
With increase in the output slt_nnl-no_se rntio, the petont:lal resolU-

i t:Ion -In_._.¢_ ¢ monotontcaJJy, llowever, the l:l.m:It,_.i[Irlcretll_e

differs, depend:|n_ on th{" resolution _rldit,at¢)t,. 'Ph'a lncrea.'_e :|n
potential reaelvinf_ power by the l_;t,V;I,.,:"tiK|l _]nd_Ic_i;oP,as npp] led to
dire(;t;:ton(i.e., I)1:1_,:_,sl.V1'_,d111 |u,_'lod/11_Ill), ha_ the lh_ylel_Rh dlt'-
t'raet_on l_mlt. A two-llne Foucau]t globe cannot be resolved, _f the
d_st.,_nce between the l_ne eonter,'_ _s less than tl_e wavelen_Rth of' the
monohromntlc 1.1_Rht illumfnattng the _,lobe.

I
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With the puls()-shnpo known a prlnrl, the _nspoase In pnt()ntlni
resolul, l_ll htt_ nn limit, It beo,_m.s possible 1,r)i_e_olve twt_

llnPs, shifted to t+ d1_tance _,qual to i'ra(+,tlnn_()f the wnv(,l.,m_t_ of
liF,ht and to n _(_t,o ]_mlt (with expt_ilditLlre,_f |nf_Hit_ _ _rlerpI,V).

rl_he theory {}t" recelvltlp, (u_nt._ittlOlt_ IIleSt%lll_l"LI stated |)Orlll_tS d(z-

terminL|tiol'i of I|ri 'id(,D+l (opt+tml_iil) Pe(;(,'Iv(,r of .|ipJ'it ()Ile/,l_,y In tel(_-
v:]',Jion+ thu opt_[ml+llli te].ev'i'4Jon Cltlnt+rlls which i'o_ms +i/i o]o(:ti,_+c+l] vidt+o

slgna1+, cnrry_ri_; the maximum {IIlloUnt Or' ].t+11'ormp.tion on the optical
Ima&e .input.

The optimum camera contains one energy storage device (matching
filter), only in the partial case of tracking a spot of an a priori
known shape arid position on a background of uniform brightness. A
camera intended for the mode of tracking a previously found point
object, for example, a star, has one enerp,y storap,e device. The
tracking mode is widely used in radar [52]. It is known that, in
this mode, a system with one storable device (matching filter)
accomplishes storage of signal energy in an. optimum manner. In
television, the optimum tracking mode receiver, with a single-element
storage device (quasi-matchlng), a filter, is produced relatively
easily, in the form of an optical mechanical camera or a dissector
camera.

The task of building an optimum receiver in television is slp,-/119
nificantly complicated, for the case of receiving the simplest image
(a moving spot, with position on the bright background not known a
priori), especially for the case of receiving a complicated image.

The optimum camera for receivin.p,+,the simplest image should contain a
mosaic of identical _,nc.tT:y _torai_u+ + devices, i.e., a Bet of filters,
matching .,r, which is adequate for practice, quasi-matchlng by band
and stor+_e t_me.

We write general equation (2.89), for a camera which is qua_1-
matched with the simplest image

hYl,l+%dgm--L"K'(v+_ 'lth¢. (2.95)
' X'+,-_II_

iUp to the present, there is no definition in the l_terature of
resolUthm by two different resolution indicators, the contrast
of which is incorrect. Experiments are _mpossible, which concern
potential resolution with a priori known pulse shape, which Bre con-
sidered not in accordance with the Rayleigh concept of resolvln_
power [42+ p. 325] and, on thls b_s_s, efforts are being made to
define the concept of resolving power "free of the shortcomings
inherent Cn the Raylelgh criterion" [42, p. 326], in place of which
the Hellstrom method is used for this purpose tSO].
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_'(_r a ClUaRl-matshed_ , a_mera, the tllsntl.tYl q_v.n.. ,. and llne dPn¢lty
vZ_ m mU&t be eound in equAtlon (2.g5). It I_ known tlmt a quasi-
m_'Shing tilter has an oqulvalent rr.equ_rmy bar)d, _)qual to the
equivalent width _t' the' puls_ amplitude spe0trum, We _b(_nBld_r,that,
for a f_Itor wlth _hara_;t._r,l_tleB (P.g0), tl)_ _(lulvHterlt: fr(,qm,n(,y
hand is elos_• t(_ un _ _rld the _qulv_l_rlt _peutrum width of _i
rectangular pulse _a(;ios_ to th() _nverse vlill_eoI' the pl_].seduration.
This permits the condition of qmmi-m_+tehing of l;h()(,*amertlstoT,sge
hand with the sp<_t are_ I,_ he, writt¢,n in t"e form

L (2.96)
%'.,I, A

2
where At Is tile spot area.

A camera_ quasi-matched in accordance with (2.96), should have
number of lines

,'qm ,_t v,j.L_,. (2.97)

2

where _¢ is the camera photo layer area.

Selection of the ]ine density by formula (2.97), i.e., v..,.m

" _n _/2, practically eliminates the effect of amplitude-freq(_@Y_cy
dis_61_tions :

_he quasi-matching condition expresses the condition of the best
light energy storage device. They should include allowance for
su_min_ all photons in the exposure time. This allows the follow-
in_ quantity to be found

_q,,v,,,, I .l_,,,r. (2.99)

in which

,,,, ,'..,,",, ' (2.100)

where v0 is the rate of movement of the spot over the camera photo
layer.

By substituting (_-.97), (2.98), (2.99) and (2.100) in equatior_l_
(2.88), for a quasl-matched camera, we obtain

_,'y0_..,I')I_B_'I''_.,_.Vth_ (2.101)

Equation (2.101) is no other than Rose equation (2.68), obtained
from more general equation (2.89), for the quasl-matchlng eondltlon.
The light sensitivity of a qu_sl-matching camera can he estimated
by the value of the threshold contrast, calculated, with (2.96) and
(2.100), from (2.101):

112
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yml,vJI ,i ti,i _ ' (P. 1_2)

.... The assumption oi' the equality y • [ ove_ the _ntlre exp_uro r_nge
£_ t_o HuGh Idealized. Tn the b_t (_ase, it a_r_ he as_um_d t'_r a
teluvislon _am_r_. thati

i A dc.2_ease In the contrast coef_'lcient v to zorn, bee,u_e of the
.....lite capacity of the storage device, s_ts a limit to reductJnn in

the threshold contrast (2.102) with Increase in i11umination B$.

h complex image can be rep[.e_ented as consistin_ of spots
(details) of dlfferent areas and different configurations. _t is
evident that, in this case, the optimum receiver must have an adap-
tive directional amplltude-frequency characteristic. This possi-
bility is not available as yet to television technology. Therefore,
only a suboptimum receiver (camera), having a constant number of
elementary storage devices with uniform areas can be brought into
belng. Such a receiver will be quasi-matched only wltn area-average
details (spots). Reception of large and small details of a complex
image will be carried out in a nonoptlmum manner, i.e., with loss of
energy. However, if large parts, although with loss of energy, are
reproduced by the camera, the smallest details are drowned in the
noise, both because of the small amount of their energy and because
of the nonoptimum nature of the devices for sto_In 8 their energy.
Therefore, for reception of complex images, television has available
only a suboptlmum camera, receiving a complex image with the maximum
amount of information per frame. For such a suboptlmum camera, with
a constant amplltude-f_equency characteristic (formula 2.90), the

numberformula of(2.93):lines ss > z0. 5 can be determined from equation (2.89), by
I

_ _ v_4 -__o._%_t-_ , (2.103)

2 2
where zn = - 2v n = £_ and £_ is the vldlcon photo layer area.
The cho_d_ of n_erWof lln_s by formula (2.103) provides for oh- /121

talning an amount of information In a televis:ion frame RS' in accord-
ance with formula (2.55):

_,_ _hg, o_ .-AR,. bits, (2.10_)' I qth_

where qh is the slgnal-noise ratio determined by formula (2.86), and

!1'&R_ .... I-L-- ' IlogaKt_, vplldv, dv _,
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W:JthoIJt takiI|_, I{_BI_ 111 amnNIlt nff _nY¢Irlllllt;_nrl AIJ9 Int_ _nli_1|dern-
t;i_'bn. /:In I_t_-lll;,)t;_ <'_:(' the mFiXllllLIm /ll|lnllnt, hi' In_fh:lpm_J_zri jz¢_,r J'P/}llif,,

product (}ft,b¢sl_t;_nt;b|ld_f'In_t;Inn'_ t_ndi;l-JP[nR11rltJlml¢_=_IRI.]I-
not._ r_ttln,_ _'

_alot,l].t-]t;i(irl(_f tit('nl_nl[_(of_)l'li,||¢,_l_(, of' l} (u_b()|11;_Ill_llldl}nl(,t-.ll

7,_(IN_-D_>.Sllilllli_l.!oll],,VI_I}I_(,._Iof _,J_ll,qtlunt;_1:._}_i(i l,IIldV,} n_ wh'Io.h o,nrl be
(_1oterlnlnod fi',Oll|th ) dlre(_._'[)tiltl(|InjtlItu(i(_..fr,(ll_|l_,y__.Hirn !t,,t,:l;_ii( _

Ctl_l(_Jt_h(}(|(._}(_.lldengo,_!}_'¥ llnd (In Oil ('Xl}O_._r_,_which, _rl turn, :II','
deter;l|.Ined J'rOllit,he ,_ght (;}|_iP_ct,ep':l[Itlc[}. },_,|nd:}l'}._,1;11()(_JC'I)(,_I(Ii)IH_,()

ot' the sip;nal-r_,):l.()r_t:l.o(in on (._xpo(_ur(,[_',I';Isnlmp1_ll'i(,,|b',V._1]_w-
in_;for ,",ummln_all :l,noomin_ I)}lototm(th(,Rose cond_Itlon), when
formula (_.99) i_ true. By slibBtituting (5.99) _n equation (2,9_}),
we obtain

?,&

( .i05)

The difference between equation (2.105) and equatlm!, (_!_i01) is
caused b_ the fact that resolvable details of area I/q_8 _ are far
from the quasl-matching condition (2.96) and, therefore, the dip
between them is strongly sup_ressed by the directional amplitude-
frequency characteelsti_s of the camera.

An important question in building a camera, which is quasi-
matched with the simplest imag_e or accomplishing suboptlmum recep-
tion of complex Images, is choice of a method of readlng out stored
video information. In television, Lhe stored, primary video infor-

mation is read out sequentially in time T_., with the time video /122
signal forming from the information time Video frequency bands

*A

I"'."Y,_'zO "_'-_:*'O'

where Vro ls the rate of uniform movement of the readout spot over
a llne on the photo layer,

The rate of input of informstion from the camera to the commun_-

cation lines is Rs/Tro , bit/sac.

fin televlslon, def]nltion and si_nal-no.lse ratio of a large
detail, expressed in decibels, has fenS since been _ekno_'edged to
be the primary indi(,.atoro£ technical qualit,v of television images.
Formula (2.10_) shows that the productof these quantities serves
as estimate of the maximum amount of information in a television
imaBe_ with, however, the s1Kniflcan¢ specifie_tlon that the po-
tential definition, calculated by formula (2.103), previously un-
known in television, Is kept 1n mind. In this manner, it is natural
that numerous objections a_ainst use of amount of information in
television, as a measure of technical (nonsemantlc) quality of tele-
vision images, becomes superfluous.

114
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Ohn_oe of the nptlmum vnluo or the t_m_ rr._ndout,IB o nnmpli-
n_tod problem, in which t_ number ,_P f_,_(_P_ mu_t be takPn _nt;(}

(_(_IIhO lll#_(lo(H_t:omol;_.(:_.lI,V) By li}_,_._l,i{lo_' I_ 1_o_,,-_]vpI,.whlnh II_ pHr,I. hi'
thO o|}tlmt|lll (_i}mQr,,l, A&_ WAI_ lt(}_f_(|_-rl ll(;0.t_(}|;__,i;_, IL i!_llN('i"ItW_.tJ')f}

t,h(;t'tn1_t;ionof th(} o.l).IIl(!t,_l'Ill r.,du{:(;dor,[l,,yto tit*?tn11111'_&llitlln0(' 'lnJ'ol,-
Inl}_'[Ol-ih,V (!ollllnun'101)._lollll_._.n()ilI;o _l 11|ii11, U._(_l(.wl|1'loI|']i_l{'()Pll|lll;}_illIII_},V

bf; In_eili]e(j _'or [Ic'i(2nt__'_,o '|n_;oz,pri}tll_;_on i'_'oT' ()X/llllp]e_ [il;U(|,,V (}J' the

Moon or M_r.n), wh10h is aecomp),l:_h(_d by man over tt l,onfi period o,f
time. The Intc,rpt.etatlon tim(,, is not limit,ed by th(; lnciroase Ill
readout time) fop p,lrpo.',msof ine1"easintR I'adio communlcationB Panic(:,
However, televlslon information can be InteDded for operational
control of a spacecraft, b_ man (control of Lunakhod-l). 'In this c(_se)

T J.s an upper limit
the time for maklns an operational decision dee
of increase it, ,.eadou_ time) i.e.) Tro • Tde c

The requirement fop inoreasln_ radio communications ran_,e with
the smalles_ power and radio transmitter dimensions involves decrease
in the video frequency band FR. At sufficiently high definition z_)
this requirement is ac_:ompani_d by a maximum increase in readout t_me)

i.e.) choosln_ T?n - T6a .. The time of an operational decision in
only one partial _ase _ coincide with the readout time Tr = 0.0_
sec) selected in broadcast television. Coincidence of the _eadout

time T,_ and exposure _!me T_ also is a partial case. In the _eneralcase) _posu_e (accumulation_ time is dete2mlned b_ the dynamics
of the object observed. The d_namics of an object observed, in the
simplest case of uniform unidirectional motion, can be characterized

by the fllEht time of the camera field of view T.. = _/vo, where v 0
is the rate of movement of the optical image of _ object on the
photo layer.

To achieve reBolvinE power ')e) a shift of the ims_e is permitted

in exposure Lime Te) onl_ by the _esolution interval 1/2yR. This /123
means selection of exposure time _S less thal, the fli@ht _ime:

y, I t'o,

Making readout time equal to exposure time in a television
observat:|on, for example) of a mov_n_ star) permits the entire tra-
Jectory of its movement to be reproduced. However) _t is well-
known from radar experlenee that Such a reproduction carries _xoess
information for makin_ a decision: Reproduction of individu81 points
of the trajectory 2B sufficient. Selection of a readout time from

the consideration speuiIied 11,_ > T ]esds to transmission b_' the
optimum camera of a sequence o_ tel_vis_on fI.Bmes, the semontic
correlation between which, althou_,h it exists, is si_nificant]y less
than in a broadcast television system. The method of selection of
the interval between _rames, based on considerations of Inereasin_
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llt should be noted that introduction of i:heconcept, which is
important tot apace televls_on p_a(;tlce, ()£ t,_eoptlmum camera is
based on the works of V. A. Kotel'nlkov IaI, A. N. Kolmogorov [5]
and S. I. Katayev [61]. Que,-_tionsof buildln_, adaptive television
systems are considered in wcrks [63, 6_].
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3. SLOW-SCAN METHOD OF TRANSMISSION OF TELEVISION INFORMATION
FdOM _AG_

3.1 S_ow-scan Met:hodof Com_re_£ion

Compression of the frequency band In transmission of Images,/124
with simultaneous increase In resolution above the values
achievable in broadcast television, is a primary tendency in plan-
ning systems for scientific research in space. The theoretical
possibility o_' finding such methods of compression of the frequency
band involves _mitatlon on image diversity. An approximate estimate

of the amount of Informatlonlin a discrete model of an image, con-sisting of N - i0b elements, in each of which there are _ = i0 half-

tones on the average, _o_RsR_ds, by the formula of Hartley, to
selection from _" = i0_ _ [ 8nn _E erse images. Image diversity
evaluated by the number i0..... is gigantically large. A tele-

vision system, planned for transmission of such6a diversity of images,
i.e., transmitting amount of information _ a i0 log2 i0 bits in 0.04
sec, has a throughput capability of 70.10 _ blt/sec. However, it is
known that the measured throughput capability of the visual analyzer
is 70 bit/sec, i.e., one millionth of that presented above. The
explanation of this should be sought in the perfection of the visual
apparatus achieved in the historical process of development of the
visual analyzer. Adaptation of man to llfe under terrestrial condi-
tions has involved the strongest limitations on the variety of images,
reproduction of which was necessary for llfe. The result of
benefiting from the limitation of image diversity was expressed in
reduction of throughput capability of the visual analyzer by a million
times, compared with the method of image transmission not applying
these limitations.

The mechanism of limitation of image diversity in the visual
analyzer, the higher section of which is the brain, is unknown.
It is difficult to expect that the visuaJ analyzer would use only /125
th_ simplest form of limitation of diversity, which is manifested in
simple recurrence of signals, for example, in recurrence of the
brightness values in neighboring elements. It is more likely that
the_e are deep-seated semantic limitations on image diversity in the
visual analyzer. The expression of N. V_ner on the auditory ana-
lyzer might refer te _he visual analyzer: "The semantic receiving
apparatus receives and translates language, not word by word, but
idea by idea and, frequently, in even more genera] form. In a
certain sense, this apparatus is capable of recalling all transformed

IThe discreteness of the llght-sensltlve layers _n the v_sual

analyzer and in the bette_ television systems _s evaluated by a
number on the order of ]0_.
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first expor:[olqoo, alqd thet]e ].on_ |;_c,I]nnml_]t]tc_tltl make* t.t[) t_ e_lt_]clot,r_h]o
pnrt _lf' Its Wc_rk" [65, p, }_)'1,

prot_(_t:tc_n oI' per, ce.pt:l.(nl (_1' _('lTlltRt, l t' Ill(_r_fit_',('t_ 5,%' illttn, (l(_ml)tlP(,d wtl;h

Increasing interfer_n(;e prote(_tion _)I' r,e_ept:l.()n '.I,,_ ti v_rtu(_, at the,
present tlme, (_f only the. hif,,her _ectionn o', the vl;_ua] an_]yzer,
of t,ht_ br,'),_n.

Wh_.lc use of a semantic l:Imitat_on on '.Image diver_ity (sem_,_nti(',
excess) for rc_duction in throui_,hput (;apability and to increase int(:r-
foresee protection of reception is a problem, whlch has been solved
in the visual analyzer, this is a scientific problem in communica-
tions technology. Not hav_n_ a mathematical apparatus which permits
evaluation of semantically significant information, it naturally
is _mpossible to estimate the degree of efficiency of the methods of
use of semantic excess in messages in communications] systems. However,
this does not exclude the possibility of benef.iting from taking
semantic connections into account at the present time. A specific
example of such a benefit is the slow-scan method of compression of
the transmission band in transmission of television images [61, 62,
66 - 69].

A comparison of neighboring frames transmitted in broadcast tele-
vision and in motion pictures demonstrates a very slow chanEe of
subject. Tens and hundreds of frames have essentially the same seman-
tic content. An abrupt change in subject in neighboring frames most
frequently is not a reflection of reality, but the result of inter-
vention by the director in the transmission of natural images. In
placing a story of the lives of his heroesin various cities and
countries and different times of day and year within the framework
of a one-and-a-half hour showing, the director resorts to the arti-
ficlal procedure of abrupt changes in semantic content of the images
being shown.

Estimating the semantic recurrence in television frames is
complicated in the general case. We make an approximate estimate of
the semantic recurrence of frames in the partial case, but an impor-
tant one for the uses being considered, of observation of the surface

of a planet by a television camera from some carrier moving forward
at constant speed (Fig. 3.1). The f_eld of view of the camera on-

compasses an area on the surface of the planet, in the shape of a _/!26
square, w_th side £ = _.H/_f._, where £. is the side of a square area
of the. photos_,ns_t',Ive l_yer _ the camera, £foc _s the flo(;allen_th

i of the lens and H :Is the flight altltude.
As a consequence of the re].at]ve displacement of the camera and

the observed surface, the optical :Im_i',emoves alon¢, the photosensitive

layer of the camera at constant speed Vo, ram/see.
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po_:l.tl.on 2 W_ e()[l_I]d()r l:h_ (,._so.whon _ln

mitttng camera of _J broadcast tq,le-

/,' vlslotl sy._t,em. The expo_ure tim(,;' Irl br(_ad(;astlnR qystelllS equals the

]_ frnm() tim() T - T_ - l/P5 so(;. Theoptteal pro.i_ct,lo_i_of the imago movea
(ti._tance v_T mm in the exposure t:I.me.
In order f_rethe loss in resolu-
tion in th:Is case not to exceed
permissible values, the amount of
shift al_o should not exceed

permissible values, i.e.,

Fig. 3.1 Explanation of slow- ""le' " (3.1)
scan method of television

signal spectrum compression where T .i.sthe distance between two
resolvab £e lines.

In satisfying condition (3.1), the content of each successive
frame differs little from that of the preceding one. We calculate

the number of frames ne_ or the time interval n-rT_ sec, in which
the subject in the frafn_ changes completely, i._.,r_he time interval,
in which the camera moves from position 1 to position 2 (Fig, 3.1):

llfr 1,1' .. I_,,
,,o_/_r_'" _fr"

For a broadcast television system, it can be considered in the
first approximation that the value n.,. _ 600 is correct. We then

obtain ne_.T__ _ 24 see. The resultih_ figures give an approximate/127
lower est._Zm_9 of the semantic recurrence of frames, reproduced wig]T--
the necessary resolving power by a broadcast television system. The

l rl
time for complete change of subject of a frame T = r f l.. can be
interpreted as the mean interval of Intorframe sS_amntic _o_elation.

The question arises: Why was a frame rate of 25 Hz chosen in
television broadcasting, with such a large semantic correlation

interva] T >- 24 sec? Television broadcasting does not pursue the
goal of efficient vldeo- information transmission. Selection of the
frame rate of 25 Hz is necessary for creating the illusion of fusion
in transmitting motion and to eliminate flickering, of the image in
visual observation of _t on television screens. It should be noted

that, with this choice of frame rate, no advantage is gained from
the semantic recurrence of frames for correctly b_Jlding television
apparatus.

If flickering of television images and loss of the illuslon of
fusion Js permitted ].n transm_ssh_n of the movement of objects, the
semantic recurrence of the image can be used for eompresslen the
time frequency transmlss_on bands in space te].evls:|orlvideo 8nd rad,_r
systems, by means of the so-called slow-scan method.
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/i '1'he of .low-
......._ -- ' I _1 ,F-_-_' "_¢]_].Ilmpthnd nons_,qts of

................._ [ _......r_adout ,_toraff,_ and tr'ansmi_ston oi'

-I' rt!• I 1 only those ImnFRes which
, sl_.nlfleantly dCffor in se-
' mantl(., 0orltent. For this,

2' ..................... _i,_ oraaure the tranamittin_ camera in'-- _c .J "and correctlon the :11ow-scan method operates
on a cycle, the t._me of which

Fig. 3.2 Operating cycle of is established by equ'll timer,
of change in content :In the

transmitting tube in slow-scan
method scene being observed. The

cycle time T is divided into

three intervals: The exposure time Te necessary forCaccumulation of
video information on the camera tube target, the readout time
of video information stored in thememory T_^ and the time for erasure
and preparation of the target far accumulation of new video informa-

tion T__ (Fig. 3.2). Slow-scan systems must have automatic regu-

lationP_f the cycle time T , tracking the rate of change of sensory
content of the image. However, .,low-scan systems with constant /128
cycle time (or with programed cycle-time changing) are widespread aK'-'--
the present time. These systems are designed, on the basis of a
priori information on the rate of change of sensory content of images
of the natural scene being studied.

The possibility of compression of a television spectrum by the
slow-scan method depends on the rate of change in semantic content,
which is very much less than the rate of the mechanical movement in
observation of natural scenes, as a rule. The rate of mechanical
movement of observed objects determines the permissible shift in the
optical projection of the image, in conformance wit), formula (3.1),
i.e., it determines the exposure time T_ at a given resolution. The
rate of change in semantic content of tBe image determines the
operating cycle time of the transmitting camera.

The excess of the cycle time Tc over exposure time T_ permits
the readout process to be slowed down and, thereby, the v_deo signal
spectrum to be compressed.

A narrow-band, slow-scan video signal from a moving natural
scene was first obtained, by means of Iconoscope and supericonoscope
type camera tubes, by S. I. Katayev, in 1934-1938 [61]. However,
the slow-scan method was nat wldespread in those years. It was
turned to again in the 1950's, in conne(:tion with the necessity for
solution of' the problems of increasing the range of' television trans-
mission from space, facilitating condlt_.ons for preservation of the
video signal aboard spacecraft, insertion of televislon signals into
computers, etc. [66 - 691. The use predominantly of vfdleon type
camera tubes, having seml(;onductor film storage devices, _n
space systems, required investigation of the process of formation of
a s]ow-scan video signal, as l'reo as possible of noi,,m, wlth acc'ept-
able exposure and resolution.
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The most important problems, clearinR up of which was necessary
for designin_ slow-_oan spa.ca systems, nre the f(_11ow_ng:

-- Evaluation of the capacity of film storage
devices (including semiconductor ones) for rapid accu-
mulation and long memory;

-- Investigation of the possibility of efficient
noise suppression in the slow-scan video signal and
increasin_ resolution of the system_

-- Finding a method for decreasing the time of
erasure of stored video information and preparation of the !
target for accumulation of new information in vidicon type
camera tubes.

The remaining sections of this chapter are devoted to solution of
these problems.

3.2 Memory Length and the Storage Process
in Camera Tubes

One of the first problems which should be solved by slow-scan
system planners is the selection of the time interval of readout from
the memory. For a correct selection of the interval, in which the /129
camera tube is capable of forming a video signal, the length
of its memory must be known. Memory is what we call the capability
of a camera tube to preserve a charged image in the storage
time during exposure, under conditions, when the shutter is closed,
the electronic readout beam is "closed" by a negative voltage on the
Wehnelt cylinder, and the voltages on the remaining electrodes of the
camera tube are set in accordance with its nameplate data.
Under these conditions, the charges on the camera tube target
spread over the surface and flow off onto the signal plate. The
charge spreading time is determined by the surface resistivity of the
target. Spreading of the charges over the surface of the target,
causing loss of camera tube resolution, is even observed in
iconoscope and supericonoscope type tubes, which have a dielectric
target of mica. The cause of the surface leakage of the charges in
such tubes is formation of a layer with reduced resistance on the
surface of the target, by virtue of technological features of
iconoscope and supericonoscope fabrication [2]. Superorthicon and
vidleon type camera tubes have semiconductor targets. These
tubes accumulate charges qu_te effectively _n 1/25 see_ it can be
assumed that their semiconductor targets have a memory of at least
a tenth of a second. However, more precise _st_mates of the memory
length are necessary. Th_s is the more so, for the cause of erasure
of a char_ed image on the targ,et can be, not only a low targ,et
resistance, but residual gases and varlous types of stray emissions
in the camera tubes. In the supericonoscopes and superorthl-
cons, there still is photoeathode electron thermal emission with
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the shutter cloaed, which erase the latent Image, 1 With the readout
beam shut off, but with the Incandescent thermocathede switched on,
penetration of light from the incandescent filament to the target is
possible, aa a result of which, the latent image _s erased, not only
on the llght-senslt_ve t_rgets of the vldlcon, but on the super-
iconoscope and superorthicon targets, which have a weak sensitivity
to spurious light. Penetration of scattered light to the camera
tube is possible, because of inadequate sealing of the camera and
through the photo layer.

The method of recording the memory length characteristics of
camera tubes, applicable to all types of tubes, consis_ of the
following 170, 71]. The time interval between the end of the exposure
and start of readout T3 is made adjustable, by means of one of the
time-delay systems of the pulse controlling the start of exposure and
readout (Fig. 3.3). The processes of exposure of test pattern 0249
and readout are repeated, with gradually increasing values of _s.
The video signal in the first line, read out over a time equal to /130
•s after exposure, is measured on an oscillograph screen. The decrease
in video signal amplitude with increase in delay time reflects the
retainability of the "latent" image stored on the target over time,
i.e., c a m e r a tube memory.

The characteristics of

__ __--- the memories of various types
_u___ r of camera tubes, measured

_i O _']--'_F6__ by the metho_ described, are
presented in Fig. B.4 De-I tO

t...:_ conlro_ osc_'_h crease in amplitude of the
%

_.- I video signal from a large-- detail is plotted on the

_a_ ordinate in per cent. Having
sy _ fixed the latent image inten-

'" , sity by the permissible
decrease, it is easy to deter-

Fig. 3.3 Structural diagram c. camera mine the longest readout time
tube memory time measurement from the memory in a slow-

scan system, which is achiev-
able in operation of a given type of camera tube, from the
memory length characteristic. As should have been expected, the
tube with a dielectric target, the supericonoscope, has the longest
memory length. Vidicons with semiconductor targets had a shorter
memory Length, depending on the resistivity of the semiconductor and
their m_nufacturing technology.

In the slow-scan method of image transmission, an optimum
exposure time can be selected, regardless of the duration of the

iThe use of an electronic shutter in the supericonoscope and
superorthicon eliminates the harmful effect of photocathode thermal
emission on the latent image.
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readout from the me_ory, Selection of the optimum exposure tim_ Is
based On a compromiae between the dea_re to increase the exposur_
time and the necessity for decreasing this time. to decrease the
shift of the optical image during the exposure, It is important for
slow-scan system designers to estimate the Ka_n which can be
obtained by increasing exposure time in the transmitting camera. For
such an estimate, the r_sponse characteristics of television
storage devices must be studied and the connection of efficiency of
use of the storage principle with these characteristics must be
established.

m Television storage
,_ devices have three types of

time response [66, 72]:

_ _ ........ -- Energy accumulation

•_ _ response;
_m_,-_-2 __ ...... -- Energy retention

,_, _ response, the memory;
-- Readout response.

I
_im_ _n. _° _ _'p The storage response

characteristics, measured for
standard types LI-13, LI-17

_) and LI-203 superorthicons,'_0

___ §.I ' _..... are presented in Figs. 3.5

§a_ and 3.6 [75]. These char-

......._.-.,..._.......',,2 • in signal-noise ratio, owing
_ I acteristics show the increase

_ I "i'[ i to the time increment of inten-
'_a_ z 4 _ 8 m _ _ m ,8 _o;_ :_,_ sity AU of a latent image

time, msec of £est pattern 02_9, in
details of different sizes

cL £, with varying illumination
m_' ......................................B of the pattern image on the

_o___....._]_I_!!:]..............................photocathode. Each family of

_ ............... characteristics reflects

• ":l-F-I/" _:--__ the function .,t,,r('./')',,...,,,.
,. _ ,_ .,_ .,,: The difference in the /132

time, man storage response character-
istica an_ the memory char-

Fig. 3._ Camera tube memory acteristics represented in
length characteristics; a) supericon- Fig. 3.4 flows from a com-
oscope; b) superorthicon; c) slow- parison of them. The storage
scan vid_con response is determined by the

illumination B and, depending
on the value of it, it can change within broad limits. The storage
device memory length does not depend on illumination.
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In(Hn(I [,y l_e ttpon_e Oh/l i,llfi tol,_ it-
.'.: _ 10.fI _ PC' t ] t_.!l;'l lff -_, 1;h¢_ Ili;(11'111._0

, ,!, I_'l.ll':lod m()dellnt_ :lygll;OIll (11' Olle-
!_ |)Itll(_ I_tOt'll, l_(' ()|' It 1;_2_(_,VI_,|01"1 |':li_m
2. sl, ot':lt_,(_ deV;[('o to be ,qyl|Lhe'vl;;t,d

"_J'_"m _llJl "_i'i Ilk (|""_,. :_.7) . '"|'_" 111od_']'.11l, ,,yS1,_,,111¢: :' .... L '[;1 ,% (tLU'L(|]'14p',)]()j W.l.1;h i;WO _tWl.l;_,_.h-I:n
'_ _ ]i'" ' _ 1_',_'" --_; _'_, 4' I' ##to 'J ,_iI'.V! ,',f Jllp: [lll_l:'_tlllC't(_l,._'_s wh:|(,'h II,I'0 (;o11-

tlme.,_ec. _t(lllt OVOl' t:1.11le:

F.I._, 3..) Sup_u,orth:tcon _d:or:_t_,e

with diffez'inl_ :l.1].umlnation 1_ I,',,(/n , /,,.' _ (7
of the photocathode:

• u,.,_ '._!_X 7 ,.,l_X._ ,_lUX

_,4 , i

. Jt/ : ...f \ . ! I ,

• , !

...... • '. _ '3 ,:',, .. J ,, ! - ..!_..l_ ...... [..... 1.,...I,._,.[ I

time, m8_

characteristics for small details,

:, with differing illumination B of
_,_ photocathode, fo_'small detail,

._§: corresponding to the vertical wedEe

._, " a) 300 lines; b) 400 lines;
,-_,- c) 500 lines; i. B-0.073 lux; 2. B-

•_ii i The key closes in storage _ime' . O< kite '

time, msec The stoz'age and memory responses
of a film sCoras:e device is described

by the time characteristic of the
modeling system:

II tt)

I e_to at _ > 'l_.

L ................. L_° -_............ L_,=LJ,-_._=_5,-_.E==_:_..-_-%--'_-_:='_'_'_o--- - ....... - _- .............. .....
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- I--_--J,, ] I _ Wlth _nel,en_c_ in C11umlnatlon B,
tI_e time constant TIO) deerea_eu,

"iWJ _:II _t 'uu_" The Dulmme] Integra] aDD]led to the! mod_lJng _yst,em has the form /].34

I

ii + /

Fig. 3.7 Diagram modeling #out(t) _lnl.QIl(I, ._)d._',
storage device unit band (3.2)

where U./x) = re(x) + n(x) i,_ the
value of the input function: signal + n_se.

In the partial eases with satisfaction of the conditions TI(B)

> Te and '_2 >> (t - Te) , the time characteristic

1--'£_at ()_'.tKKYe,

II (t) % ())

at

In this case, formula (3.2) is transformed into the well-known
formula [38]

I

Uou ),., re(x)-,,,(x)ldx.

The Fig. 3.7 modeling diagram permits a visual explanation of
the effect of a finite memory length (time constant TI) on storage
response (time constant TI(B)) and possible differences in their
values. The principal features in this problem consist of the
following.

The presence of a specific memory is a necessary condition for
accomplishing the storage process. In fact, the storage response
time constant

•,tll) ..... m
! I (3.3)

where _o(B) • CRo(B).

It follows from formula (3.3) that, in the absence of a memory
(_2 = 0), the storage response time constant equals zero.

The memory length ands consequently) the extent of _aln in
signal-noise ratio) as a function of storage process, is not deter-
mined unambiguously by storage response. Tn fact) st a given
memory constant _2, the storage response constant vl(B) csn take
any value from 0 to t2) depending on illumination B. Memory length
_2 unambiguously determines only the greatest value of the storage

i
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response c_nstant, i.e,, lim _I(B) _ _2 a_ B + O. Th_ situation
presented above of the efPect of memory on the _torage proc_
p_rmi_s the expected _a_n from use oP one type of storage d_vlce or /_35
another under various operatin_ condlti(_ns to b_ correctly estimated_ _....

In application to th_ task of designlm_g s]ow-_can systems, an
important practical conclusion should follow from what has be_n said

above, that, for each type of camera tube, there is a limiting

value of the exposure time T_k_, exceeding which should be accompanied
by appreciable departure fro_ the rule of interchang_ability of the
quantities B and T_. The rule of interohanKeability states that,
in preserving exposure value BT , exchange of quantity B for T should
not lead to a decrease in the v_deo signal. We satisfy the ru_e of

interchangeability in any range of values of Te, only with an
infinitely large memory. /136

,21

 IH jI .JJII11ImlTL [N  l]]]ll[HIl,j,w televisiondevices
_++ with the memory characteris-

iIll}1IHIII-III ! ][_JW_I_I_ atieSnoticeablerepresenteddecreaseinFig.in3.4,'_ _{:+ _' _ +z, ",,_ +.7,._,,video signal should be oh-
exposure time, see served with increase in

b)! T > T_k_, even with reten-
[ _ ,[ _ + + I _ '_ I= , + _ ,,; r _ _ t_on or Eonstant exposure

_m_[e_: t i [ _ [i[!j ! I' BT . The reason for this is' 'i _ " a _ecrease in memory charac-
_ _J .'_:__ u_ _:,_.,_..:_7._ teristics of the storage

'_ e_posure time, msec device.

c.)_(_... I I , _ =_ The results of a test

,,,I ! X" of the rule of interchange-ability are presented in
I _ .....+.........., Fig. 3.8, for various types

._ _u, ,_, ,_' ,., ++_ _' of transmitting tubes. TheeMposure timer sec

Fig. 3.8 Testing the rule of inter- characteristics show a de-
changeability for camera tubes: crease in video signal with
a) supericonoscope; b)superorthiCon; increase in exposure time T ,under conditions of e

1As an example, the estimate of the storage properties of a
luminophere with prolonged persistence can be pointed out [I0]. The
presence of long persistence (long memory) in a luminophore still
does not determine its storage persistence, which, depending on the
excitation current value, can assume different values. The capacity
of increasing the initial signal-noise ratio in one and the same
luminophere with long persistence can be small by use of a lumino-
phore, for example, in receiving devices operating with large exci-
tation currents or, on the other hand, high in use of a luminophore
with multicascade electron-optical converters operating with small
excitation currents.

2The term is derived from photographic technology.
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constant exposure BTA, A decrease in the characterCBtlos in observed,
beginning with a tlm_ value exaeedlng the memor_ length. Knowledge
of the limits of fulfillment of the rule of interchangeab111ty
p_rmits seiBctlon of slow-scnn system exposure tlmes in an optimum
manner,

3.3 Features of Formation of a _'_],ow-

Availability of film storage devices, capable of storing with the
optimum exposure and retaining the stored image for a long period of
time, permits selective transmission of television images which
differ significantly from each other in semantic content. It is
natural that this image selection process, significantly weakening
the semantic correlation between neighboring frames, completely
eliminates the statistical correlation between frames. Complete
elimination of the interframe statistical excess should lead to
equalization of the video signal spectrum (see section 1.5) and,
consequently, to a more nearly optimum statistical matching of the
video signal sensor with the channel. In this respect, the slow-
scan. method can belong to statistical methods of video signal
spectrum compression.

Complete elimination of the interframe statistical excess in the
slow-scan method means elimination of the principal fraction of the
statistical excess in television images. Use of intraframe excess in
the slQw-scan ' method gives only a small addition to the video
signal spectrum comp_.ession which can be achieved, but it requires
complicated apparatus. Therefore, the readout process in slow-
scan systems is carried out by the traditional television method
of scanning at a constant rate.

As is well-known, the video signal spectrum generated by the
transmitting camera depends on the readout rate (or on the readout
time interval at a constant readout rate).

In carrying out coarse photography by means of the slow-scan
system (Fig. 3.1), the following are selected to achieve a given
resolution:

l 'Exposure time Y'e '2.....'lec,

frame transmission time L.13.._7

f q!H r,,)' (3.4)

where _ is the rate of movement of optical image across a photo
layer _ size _ and Px is the ]on_itudinal frsme overlap: Px _ I.
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The exoe_B oP thp f_ame trannm1_Ir_n tlme nv_r expnmJr_ time

,I."!i_"'-".4 (l-#,). (3.5 )

%'If nOurBe photography w_me (_rrlod (.ut b_ a hrnadca,t type tele-
vislon _y,tem (with slmultaneou_ ntorage and ,'eado!_tproeesBeL1), th_
frame transmission time wnuld be equal t(_the exposure time. Them-
fore, formula (3.5) gives an estimate of the Inorea_e in frame
transmission time in the s].ow-_ean method or an estimate of image
transmission frequency band compression. This fo:_mula shows that the
gain n in frequency band compression in the _low-scan method is
greater, when transmission of images of moving objects is required
with high resolution. This gain can reach values on the order of
1,000.

Thus, slow-scan method permits formation of a video signal
from rapidly changing natural scenes in an n times more narrow
band than that of a broadcast television signal, while preserving
the identical resolution. Thl8 provides for solution of the problem
of _ncreasing television transmission range from spacecraft.

Solution of the problem of increasing light sensitivity and
resolution involves creation of the optimum television camera
(section 2.6). Such difficulties stand in the way of creating the
optimum camera as _mitationof the working exposure range, because of
saturation of the light characteristics and the pre_ence of sources
of inherent noise of the camera circuits, in addition to photon noise.

Extension of the linear section of the light curve is achieved
by increasing the charge which a transmitting tube target is capable
of storing. For this, the capacitance of the storing target or the
difference in limiting potential levels must be increased. Construc-
tion of camera tubes storing very high charges in a broadcast
television system is extremely difficult, since such tubes will have
unacceptably high persistence. Broadcast television technology,
having enriched television by the signal storage principle, restricts
the frame of reference of its use. The slow-scan method, divided
into storage and readout time processes, from its incorporation of
special camera tube target erasure and preparation operations,
which are effective means of control of tube persistence. The slow-
scan method thereby opens the way to storage of very large charges
on television tube targets. /138

Another way of extending the working exposure range consists of
special processing of the stored, charged image, using subtraction
of the potentials on the storage target (see sections 1.3 and 3.8).

The sources of inherent noise of the camera circuits can be
taken into account, by means of the concept of the receiver noise
factor.
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[_ We turn tn the diagram in

_Pl_. 3.g. A m_ssARe, mlx.d wlt.h
wh_t_ nmts_ S ,, enteT,_ th_ ;Input

RI_. 3.g Explnnatlnn of noine lhheren_ wh{i;e nni_e _n_' q'h_noise
factor cale,ulntion power nt the output

l'..a,,I',,,+ P,,,_'.I.%;KV(1)K_(_)d!I ,,'_'"_"_K_(1)'aI'

LPhe_.eceiver noise factor

IV'....1'_llu-L_uL!-i"_'-
P,,, ,_,,,_'_(o)' (3,6 )

w_

where 1_'(I),4

I_Ai(0)A,_(/),l

The noise factor Involve(_ calculation of the peak output signal-

noise ratio. If the_pe_k signal _ower at the o_tput is P_, it is
clear that W - i + q_/q_, where q_ - Ps/Pnl, q_ = Ps/Pn2_

Knowln_ q_ and W, it is easy to find the _o_al signal-noise ratio at
the output:

P,,,' _'.' '_i I,_:, V_' (3.7)

Formula (3.6) permits_ not onl_ calculation of the noise factor, but
it indicates a general method of reduction of the noise factor, which
consists of incorporation of amplificatio@ K_(0) > 1 between the
sources of the input and inherent noises.- _o reduce the noise factor
bo two_ an amplifier must be installed between the noise sources, /139
which would ampllfy the mixture of the input messaBe and noise_ with-
_ain:

Amon_ _he inherent noises of the television camera cJ_cul_s_ we dis-
tinguish the shot noise of the video signal cureent and the video
amplifier noise. The output power of the video signal cureent shot

noise Ic_ which can be found by measurin_ the light eharacterlsticB

iAn alternative to this method of reduction of the noise factor
maM be the method of codln_ the message and noise mixture {hl].
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m

Orl,. I'K_ ,,
I'._ . l_ " (i),l#.'._ehl,.,

ampllI'lBr wll, h _qulwl_nl, fr, eqll_,ll(_,V hnr, d 1,' , _n ilmpl_fle,_tl(in of'
the vlcJeo I_IR1"1tl], =he ].rlll_q',el3t, l'tl/]ile el' t.h_ v]d(,(i llr{_[tllip]lt._>eI,, w]t,h

power P. t_' l_ It(idled, 'l'hom_ ;trlh(_lq, llt; I'l(i_ftO:'l 0111"1he 1;_11¢¢_1'1int;o n(I,(_01111_,
by mem_ eg;

(_) 0 _ m e r II t;ube,noi_,ef,_etor

,, _'.:I,'P'W,
Ill:l; P.,,i

wher(; Pn¢ :l.sthe photon noise power It_tthe tube output;

(b) Video preamplifier noise fat:tor

%
I',s

The ratio of the video signal a_plitu0e to photon noise (see
formula 1.3)

.,i,ykAlI. II4,T.

The ratio of the video signal current amplitude from a large
detail of maximum contrast t;o its shot noise

, _..._ .. ,
I '-',;l_r,, (3.8)

I
where A f_ _._-,

An increase in charge AQ_ stored by a unit band of the storage
target, means that the tube creates a large video signal current in

a single frequency band I_Fe.

The resulting signal-noise ratio, which is determined by the
photon noise and the video signal current, in accordance with
formula (3.7)

q@ .
'l,I,,! I II_,,,,t

where Wtt > i.

Reduction in the tube noise factor is achieved in se0on t.Vpe tubes

by amplifyin8 the electronic Image before its readout, in accordance
with the recommendations flowing from formula (3.6). Similarly,
for reduction of the video preamplifier noise factor, an amplifier /_i_O

(SEA), located between the sources of the video signal current shot
130
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noise and the vldeo preamplifier inherent noise, is used. In super-
orthicon and vidleen type television tubes, with e return electron
beam, the use of a s_,andary electron amplifier (SEA) in the readout
section provides a retie af the signal to the _hot noise (larRe detail
of maximum nontra_t)

........... ...... ,

where m_ is the depth of moderation of the return electron beam and

WSE A .Is'the secondary electron amplifier noise factor.

For the supero_"thicon, m_ 1/3 and WR_A_ 3, i.e., WSEA/ml _ 9.
Removal of the video signal fi%m the sign_[T plate of a vlc_eon
provides a ratio of the signal to the video signal current and video
amplifier noises

%a"" |/ .... _ ....... "' ( 3.9 )q_ qi

There are two possible reasons for the possibility of reducing

noise factor Wa [74 - 76]:

(a) By reduction in the video amplifier noise
power, with compression of the equivalent video frequency
band, more rapidly than reduction of the video signal
current shot noise power;

(b) By matching the internal resistance of the
camera tube to the load resistance by reduction
in the scan rate.

Let us dwell more in detail on this question.

';_-I _-_]U.... _1 _ Resistor R_, shunting the_ U spurious capacitance of the video
preamplifier input, serves as the

i i i T load for the video signal current
created by the vidicon (Fig. S.l_).

' It is well-known from electrical
Fig. 3.10 Equivalent diagram technology that the current flow to
of camera video amplifier input the generator with internal resist-

ance R4 on resistance Rt - R_
provides the maximum generator power output. SatisfactiOn of_this
equality requires the internal resistance of the vidicon to be taken
into account.

The value of the camera tube internal resistance in the

memory readout mode is approximately Ri • Ut/Is, in which

,_, _t _,i_,_t

Z31
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wh_po -a I_ the. video _l.gnsl curr'_nt amp]ltud_ AI: _In t:ho r_dnut
t.i_ :_P ,_m' ol_,ment t I. T Is th(_ 1;or,n.1 e.apae_tnne.f, of Lht_ tnrgel;, /14.1.

tavRet and 9._ is the t,_-;L_Ret, sl, Ofl,

Aftel, des_i,,natlnff.,the capacitance, which can be chnni_ed over by
the _,eadout benin in a unit of time C._ - (h.A_2/&_AI:, we obtain
Is " (;.IUT, '['h(:n,the Interna] res1_f;nn(;e"of the. came_,a tube

Ri: l/Co, (3.10)

At _., - 2'I0"9F, the ,_quivalent tranmnlsslon frequency band F =

I/fA_ 12,5 kll_A A_2/.,2 - ,,.)2_..i05, t'he internal resistance o_ the
tube R._ - 5.10 'Pohm. ¢Formula (3.10) shows that the in_ernal resist-
anne o_ the tube depends on:

-- Target capacitance, the greater the target capaci-
tance, the less the internal resistance;

-- Readout rate, the hisher the readout rate, the less
the internal resistance_

-- The size of the active section of the readout spot,
the larger the active section, the less the internal
resistance.

Selection of load resistance

_ I . --_nz RL in a broadcast television system

! i/_/I'_ u_ually does not take the internal

_-'_........ -_ resistance of the tube into consid-
1 ' eratlon [17]. This does not lead to

"_,',qO#.......

_ error, because the readout rate ofthe charges from the target of a
,_s,_ • tube of a given type in a broadcast-

'_ " ' Z,_ scan television, the readout rate
,_/ ,' _ (or time) is a selected value.

_Fr--_..-. _-..- /' change in the internal resistance of
m. ,,_'. ,_'.'_--_,._"Z ..... the tube with change in memory read-
Aeao resistance, oI_ ja _,_" out time into consideration, in

Fi_. 3.11 Calculated values of selecting the load resistance.

I Calculated data of the effect of

peak signal-noise ratio of slow- increase in load resistance _n
scan camepa vldeo ampllfier, at
d - 2.10 ...... and various values proportion to compression of the
•_ .' _.;! ,u,.,_, ., u," '_"")'Hz._ "llz vide() frequency band on the ,'_ignal-
Be' " ,'_Hz._ Hz noise r_tio qs of the v_deo pre-
amplifier isgiven _n Fig. 3.11 [75]. Cu_ve'_ of' Fig. 3.II
concerns a tdbe with 300 ohm noise resistance and curve 2 to a tub_
with 1,000 ohm resistance. In the calculation, the Increase in
noise reslstan(,e of the input tube in _uppre_slon of the v_deo
frequene.v band is taken into account.

i],_
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The e.alculated data In thrt region (_r high s1[_,n_ll-noiqe r_tlon w11:_ /1!t 2
conflPmod experhneni;all.y in a .'_low-s_u,u (_atlle,,n, with _ video pre-
amplifier having n tube lnput [75]. The earners operated with a
l,T-408 :_]()w-_umn vI(l_cnn, the l_ght eharacteriatlcs of which, _t__n
exposure of 7 ]ux.n(,c, prey,ideal t_ video hi,an] current ]_ - 5.10 'A
Ilt !]0()lllle_ _*nd N 1 25.]()" llz v'tdeo fr¢,queney band ((llv_de(l ntornge
and readout time mode), lh(, video n_nal voltage al. the v_(|eo pro-

amplifier .input at the llne frequency wn._ I.I V, at R. _ lO ° ohm. A
larF,e ratio el the signal to the video am!_li.[ler noise (I_ " 14OO and
to the v._deo stlRnal current noise qs = 1120, was achieve_. The
re'_ulting output signal-noise ratio (see formula (3.9)) was 800. Such
a high signal-noise ratio was unknown in broadcast television

technology. !

w Calculated data on the de-

" :::.:: ! pendencooea semiconductorvideo
amplifier noise factor (see ._ection

..... '..... Ill'"' jE i_'_..-'_'.._12_/_' _i_ 3.7) on its equivalent video]-..I..LI..J .... ; frequency band are presented in

\; ";; i I Ill ,_lll-I...... Fig. 3.12. The calculation wasrH ,,,!li_,_. iH carried out, with allowance for

_,_ [I]it increase in load resistance with

k ! decrease in equivalent video fre- :

quency band F_. The calculatedcurves have t_e ratio I_/F as a

' ::;' re'Hz parameter, which determ_ne_, to-
gether with the noise factor, the

Fig. 3.12 Video amplifier, noise output signal-noise ratio (formula

factor' w_. equivalent frequency 3.9). Calculated Wa vs. Fe curves

band: l) f_ vidicon with ratio have a minimum W a m- ' the valueI ,. = ii A/Hz; 2) I /F = of which decreases _ vidlcons

AsI0 el4 A/llz; 3) Is/F e --s6"e]0"14 creating a large current in a
A/Hz. single band I /F . These curves

permit determination of the range
of values of on which the use of vidicons with SEA in the readout

section, [rov ng for achiew:ment of a ratio Ws.,-/m- < W , is based.
The abscissa of the intersection point of the c_u]._ted _urve with

the noise factor W_ WSEA/m I divides the values of F into two ranges:
At large values of _ , use o[ SF,A Is advisable, but a_ low values of
F , in taking the _ _o siFmal from the vidlcon signal plate and using
aesemiconductor video preamplifier, the best results should be
expected. }!]specially promising for slow-scan televlslon is the /]=.!!3

range of va]ues of , in which the noise factor Wa :Is less thud 2.

It Is clear from Fi 3.32 that, i_or vidicons with l_/F., : ]O"I" A/Hz,
W_ < 2 _s reached in the 6 kllz a.,I,_$, 8OkHz range. _i) _ncrease in
ei]rrent in a single band to a va]uB of Is/F e - 6.10 "_li A/llz extend:',
the range to ] kHz ,( Fe ,¢,0.4 M}Iz.

The conclusion of the possibility of reduction of the noise
factor of a semiconductor v_deo preamplifier below 2 was tested

-q ' [76]. The camera opersted w:lthexper_mental]y In a _ low ,(,an camera
type LI-408 v_dlcon, generatln_, s 2.10-9 A video siL _I rrom n large
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detail, with a target oxpoaure of 3 ].ux.sec and 1,000 lines. A
semiennductnr video ampllfl(,r wen us(,d In the camera, which,
according to calculations (curve 2, Fig. 3.12), had a no_se factor

W - 1.8 at F - 0.I MHz. Os<_l].ograms of the vldleen vide,_ s_nal
w_re recordedeon the screen o_ _ type SI-29 oscilloscope, in the
form of rectangular pulses, from the black-white _llumin_tion change.

An oscil].ogrmn of a video
pulse front is given in Fig. 3.13a
and, in Fig. 3.13b, its top (from
white) and bottom sections (from
black), separately, in order to
better show the change in effec-

Fig. 3.13 Oscillograms of video tlve noise value. It is evident
signal from black-whlte brightness that the effective noise value at
change: a) oscillogram of video the white level (i.e., with the
pulse front;b) noise at "white" total noise of the video signal
(above) and "black" (below) levels currents _nd video amplifier) is

1.5 times _ effective value of
the noise at the black level (i.e., video ampli1"_er noise, together
with the vidicon dark current noise). It is easy to find an experi- i
mental value of the noise factor from this, which matches well with
the calculated value W = 1.8. The matching not only confirms the
correctness of the calculation, but it shows that a video signal
taken from the vidicon signal plate is masked, not by the readout
beam current shot noise, but by the video signal current shot noise.
This circumstance is of gr_at importance for improving the qualita-
tive characteristics of the camera, since the vldlcon readout beam i
current can be several times greater than the video signal current.

At the present time, we attain a low noise factor W_ m 2, only/144
in slow-scan rate television with a relatively narrow vi_eo frequency
band (F_ _ 0.4 MHz). Achieving such a noise factor in a wider
frequency band (F _ 0.4 MHz) involves the n_d for perfecting field-
effect transistors_or using devices for coollng the input. Thus, slow-
scan television provides for formation of a video signal with
a better slgnal-noise ratio at the vidicon camera output, because of:

-- The use of thinner film storage devices, permitting

accumulation of higher charge AQ, i.e., of creating larger i
video signal currents in a _ingle band Is/F_. The residual
charg_ image inherent in such tubes is not aneuncorrectable
deficiency in slow-scan television, since a forced
erasure operation is provided for in the tube operating cycle;

-- Reduction of the noise factor of the video pre-
amplifier, by means o_ matching the internal resistance
of the vldicon to the low resistance in a nsrrow video
frequency band.

As was shown in Ch_p. 2, an increase in the signal-noise ratio i
should provide an improvement in resolution of slow-scan vldicon
cameras. Extension of the spatial amplitude-frequency ehsracteris-
tics of camera tubes, by means of decrease _n the surface i
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spread of charges, using thin film stnrage devlees, and by means of
improvement in focusing the electron readout b_am, which is possible,
owing to a decrease in beam current _n a slow memory readou% also
facilitates successful solution of the pr(_blem of incresslng resolu-
tion in slow-scan telev_slon [Z4]. Of no less importance is
the absence in the radio channel regulation GOST 7845-55 of the
dispersion of image and audio carrier sl_nals, which limits the
increase in resolution in a broadcast television system. In slow-
scan television, the amplitude-frequency characteristics of
the video amplifier and radio channel can be selected from the con-
ditions of transmission of all of the information directional video
frequency bands generated by the camera tube.

In analyzing the results of measurement of directional ampli-
tude-frequency characteristics of various transmitting tubes
(together with the lens), it is easy to note their features: The
curves do not have zero, i.e., there are no frequencies, at which the
values of the characteristic equals zero. Based on the concept of
a complete, one-time readout of charges stored on the target by an
electron beam, this experimental fact is evidence that the operating
(active) part of the readout spot decreases in proportion to the
llne width in the globe, by means of which measurement of the
amplltude-frequency characteristics is carried out. The absence of
zeros in the amplitude-frequency characteristics of vidlcons was
taken into consideration, in selection of approximating function /145
(2.50), which was used for obtaining formula (2.94), for calculating
the potential resolution.

Formula (2.94) can be made more specific in calculation of the
slgnal-nolse ratio for vidicon cameras, with expression (3.9) taken
into consideration. For this, we transform formula (3.9), by means
of the relationships:

ro 2Tro (3.11)

(3.12)

,, to,
t't' (3.13 )

where b is a numerical coefficient (see section 2.5), v._ and T r_ are
the readout rate and time, 2_ - z/_ is the line density, p is _he
density of the stored electrons forming the video signal. After
transformation, we obtain formula (3.9), in the form

The sisnal-noise ratio from a low-contrast large detail, by
definition (formula 2.86)

k?
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The value of the vldleon v_des signal current can b_ represented by
the formula (see section 1.3)

, (3.16)

where a is the quantum yle]d of the _nternal photoeffect_ n s is the
coefficient of efficiency of formation of the video signal _urrent.
We note that the slgnal-noise ratio (3.15), obtained in removal of
the video signal from the vldlcon signal plate, is connected with

the photon slgnal-nolse ratio q¢ by the expression

,t,: 17 , = hI (3.17)Y

By substituting (3.15) in formula (2.94), we can calculate the
potential resolution along a llne, for the vidicon camera

L

! i_. ,/-i_ _

Calculation of the potential resolution of slow-scan vidlcon
cameras by formula [3.18) permitted the prediction of values, exceed-
ing resolutions known in broadcast television. This prognosis was
tested experimentally. The test was caPrled out by multillne globes/146
of maximum contrast, on which it is easiest of all to carry out
photometry.

The results of measurement of the frequency signal-nolse ratio
of a slow-scan vidicon camera at various exposures are presented
in Fig. 3.14. The directional amplitude-frequency characteristic of
a type LI-408 sIow-scan vidicon (curve I), measured together with
a Industar-50 lens, is presented in Fig. 3_5a Curve 2 is the char-
acteristic of the Industar-50 lens, from the data of work [77]. The
slow-scan camera on which the measurements were carried out had

a semiconductor video preamplifier (see section 3.7), with a flat
amplitude-frequency characteristic in the information video frequency

band v_x' A VSx= 135 per./mm resolution along a line (or at _ = llmm,
we hav_ 2_ m 2970 elements per line) was achieved with an _xposure
of 3 lux's_,vwith number of lines z - 1,000 and an output signal-

noise ratio q_a = 200 [78]. The symmetrical potential resolution
responded to _ = 2,000 lines and 2 v_ 2,000 elements per line on /i_7
a photo layer,=ll X Ii mm in size, wi_hVa slgnal-noise ratio of 60.

Such a hlgh resolution has been t_nknown in broadcast television
technology. However_ the f_gures presented are not limiting. It is
evident from the curve cf Fi_. 3.15a that the Industar-50 lens
greatly limited the high resolution achieved. W_th improvement in
lens or without a lens (as in holography), higher reso_utlon can be
_xpected of _].ow-scan cameras. The principal factors limiting

1.36
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resolution of sl_w-scan vldleon oamer_ at the pre_ent time are
the directional amplltude-frequenoy ch_r_cteristie_ of the electron
optics of the vldicon and the video signal curr_nt nois_ Solution
of the problem of increasing resolution of the camera is cf great
importance, not only in the interest or' improving television _mage
qual_ty er of introducing holographic principles, but for building
cameras of minimum sizes. The dimensions o(' th_ human eye can serve
as an example. Minimum dimensions extend the possibilities of
inclusion of television cameras in the onhoard apparatus. Moreover,
decreasing the camera dimensions will develop new prospects for
solution of the problems of efficient scanning of large areas by the
camera field of view, similar to the scanning accomplished by the
human eye in searching for a needed object in a large field.

\.

• q _ L

n{_berof°_ines _ "_ : .iod

Fig. 3.14 Frequency signal-noise Fig. 3.15 Amplltude-frequency
ratio of slow-scan vi_con camera characteristics of vidicons:
measured oscillographically by a) I. type LI-408 slow-scan vldicon
means of multiline globe with Industar-50 lens; 2. Industar-

50 lens; b) 3. Slow-scan vidicon
with r_,,_ beam, from data of
work [79]; _. lens

In photography, coverage of large areas is accomplished by means
of a camera_ having photographic film 190 mm and 320 mm wide [35].
The area of the light-sensitive !ayer in vacuum television
camera tubes is significantly less than that of the photographic film.
A trivial way of increasing the light-sensitive area is construction/l_8
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oL' mul_Itube television o,_me_,as. {I_wever, th_ way _s restrleted by
pepmlss_bl_ 1.ncreose :In dtmenslorm, wolght nnd (,ner_y nensumpt_on o('
the onboard appR_,atu_. 'Phel,efo'r,_,,the. po_s_b_llt,V of aetmm}_llsh_n_
_'_cannlng with the Oield of view _'_ t3 .In_Rh_-tub_ oamer,_ with ]al,ge
f'telds of vlew is attract_I_g t_tt_l_th_i_, rl'h,'slmt_[_e_t ex_mpl,{, of :_
system, :In whl(;h such s(_'aIlnlI|__,Is _(!corilpl_he(|, I_ :! _I](}W-;_(_III]
oameI,_ with m_,ehnld.c_, soei,_{_ns'.__c_nlng _)f the ob_e_ved f:leThl with
a mirror Cnnt_'_ll,,d_n front of th() e_me_. A tel_vJnion tube
operating cycle tLme must be .,_el{+(_.tedtk_r thi_, M times less than
the time of chancre o_' mlbJect .in the camera field of view and,
cerrespondlng_ly, acceleration of the readout process, i.e., extendl.u_,'
the video signal spectrum. We explain this by the example of a
system, intended for transmission of images of the surface of some
planet. If the camera tube operating cycle length is made M
times less than th¢ translt time of the camera from position 1 to
position 2 (see Fig. 3.1), the camera can transmit M television frames,
formed by scanning the field of view across the direction of its
motion, In the transit time. Scanning of the instantaneous field of
view of the camera can be accomplished, for example, by rocking a
mirror, similar to the way in which it is don{) in a mechanical system
(see sections 1.3 and 4.2). The mizmor can be transferred from one
position to the other during the time of videolnformatlon readout
from the memory in the came_a tube. Expansion of the field of
view of a slow-scan camera by M times is achieved by this method,
and it is accompanied by a M-fold extension of the video signal
spectrum. Such a slow-scan method of transmission is called
sectional.

Not only is transmission of a television image by sections of
great importance, but their reproduction, in s•low-scan,• systems.
As a rule, the final result of a slow-scan system is television
photos from the picture tube screen, which undergo detailed
study, However, the process of reproduction of a television frame in

a single pietu,ce tube involves considerable loss of vldeolnformatlon,
which is caused by a decrease it] contrast with increase in directional
frequency, For comparison, the frequency characteristics of the
contrast in a modern 47LK]B-Splcture tube and 35-mm photographic film
are presented in F_,g. 3,16. The quantity 2u£, llne/line, where £ Is
the llne length (the line length is taken as 24 mm for KN-I motion
picture film), is plotted on the abscissa. It is evident from the
figure that strong frequency distortions of the picture tube cause

considerable losses of v._deolnformatlon in reproduetlo_ of televls_onimages, with a number of elements in a frame of over I0 . To decrease
: losses of videoinformation, i.e., to decrease the drop" in contrast,
i of high directional frequencies, is possible by reproduction of 8

television frame, for example, on four picture tunes. W_th th_s
'ssectional method of image reproduction, pheto6,raphs of a telev_, ion

_, frame are assembled from four photographs, obtained by photographlng
the screen of eaoh picture tube.

i

The resolutlon values of a s]ow-:_can vidicon camera were /I!_9.
measured with mult_llne globes, us_.rll_ a vIdeo preamplifier hav_.n_, a
flat amplltude-frequency curve _n the information frequency band.
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In t_l_vialon praetloe_ th_ • _o-csl]ed aperture anrro_tlon l_ used In
a vlden a_Ipllfi_r_ which ore_t_s a rls_ in the amplitude-frequency
l.*uPVe _ll the h_h _r_queI_oy Pe_oIl, q'ht_ np_rturo corpeetlon systole,
as tile name Itself strafes, is intended for c:or,re(_tlen _r th_ dpep in
the directional ampl_tude-J'requene.y,curve.ofn camel's tube (1.e.,
correct los of the camera tube a,_)ertur_._. 'Phe fnw_r,_b1_, offset
shown by _nenrpm,atlon of an aperture co'rroctlon system fop reso111-
tion of two lilies was delllOrlSt;rated :|If]"]g. 2.'.18. [IP]ll_',]llg into being
the potontial resolution determined by the two-]i.ne Fousnult Rlobe
(see sect los 2.5), .i,_accompaM.ed by incorporation of an aperture
correction unit in the camera video nmpi_licr. Deviation in shape
of tile amplitude-frequency curve of the video amp].ifier from flat
poses the problem of finding the optimum }_h'Ipeof the curve. To solve
it, the concept of i;he optimum Viner filter can be used [28, 45].
As applied to a video amplifier, a Vlner filter is specified in the
following manner. Tile input video signal re(t) passes through filter

Kte(f), which is equivalent in linear d_stortlon to the camera
tube. The distorted video signal from filter K++(f) output, mixed

with noise n(t), enters the input of filter-vid@b amplifier Ka(f).
A requirement is placed on the video amplifier to amplify the video
signal, with correction of the linear distortions of the camera
tube. Therefore, the video amplifier must not simply reproduce
function m(t) with minimum distortion, but reproduce the video signal
in corrected form h(t), which is connected with m(t), by means of
operator L: h(t) = L{m(t)}.

.The spectral plane of /_.I._5.0
.............. the corrected v_deo signal

'_" -_'__ ........... powerm 8,_ ......................

_,_ _-,. , ,._ ...........
0,# ......................x ' ........ _ _ S_, ,, (l)I/_U)I ' I/- (ill '_, ( 3.19 )

_,:,[_ .................................. where L(f) Is the transmission
F--F--_ .................... function of the correcting

O JO0 _00 800 ,_OOlO#O &?O0 t40,9l_O0,.t_O0_?000 operator.
d].rectlonal _roqu_n_y, unxt/z_ne

Fig. 3.16. Frequency characteristics Signal x(t) at the videoof 47LKIB S picture tube and KN I amplifier output, with t_'ans-
motion picture film mission function K(f), becauseof the linear distortions of

the video amplifier and noise
n(t), can represent the desired signal h(t), only w_th an error, the
root mean value of whleh

r

_.® ,,,__ (3.20)

We reproduce the optimum filtration of an optimum transmission

function Kept(f) obtained in theory, m_nlmlzlng root mean error
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(3.20). If the eondlt_on of the physical fea_iblllty of tho f_l_or
is not taken into _onalderatlnn and the Ab_on_o of cnrrelnt_vo
sonnectlona between the signal _nd nni_e is as_umedj th_s nDt_mum
transmls_ion function can be expressed _s [34]

s,,,(f).s,,(I) (3.21)

In choosing a transmission function from formulB (3.21), the
root mean error in reproduction of h(t) reaches its minimum value
[45]

,, .. I.
e'_|n:" ,} S.,(I) .%,(I) (3.22)

A video signal, with varying degrees of noise, which depends on
the contrast of the observed object and the exposure value, enters

the video amplifier input from the camera tube. Therefore, if
the recommendations flowing from formula (3.21) are strictly followed, i
the optimum transmission function of the video amplifier should be
automatically regulated, depending on the light conditions of obser-
vation of the object and the exposure time. I

i

To engineer automatic regulation of the video amplifier
amplitude-frequency characteristic under various light conditions,
a control signal must be extracted. The use of the measured signal-
noise ratio from a large detail has been proposed as the control
signal in such an adaptive video amplifier [80]. For a given type
of camera tube, the peak signal-noise ratio from a large detail ,
determines the maximum amount of information R_ in a television frame
(see formula (2.92)) and, therefore, its use a_ a control signal is
Justified.

Finding the transmission function of a filter, which is the

reverse of filter K,t(f) , by the iteration method [81], permits
determination of th@ type of correcting operator:

L.U) ] ,. [I -_K.,.Jt)l -! It.. _.,,rU)l_.l .,. _ll..-K_(hl". (3.23)

Sum (3.23), with an infinite increase in the number of Its terms,
tends towards the limit:

I
!h. L.(f) .... _.

Kq) (3.2 4)

A value on the order of the highest exponent n of' polynomial (3.23)
can serve as an estimate of the possible degree of correction of !
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linear distortions of the camera tube. A_h_evem_nt nf a high
degree nf correctinn is hindered by noise, rise in power of which at
the video amplifier output_ with a rise and _xtenslon nf th_
amplitude-frequency characteristic, 1_ad_ tn an Inerea_e in the r_nt
mean e_ror.

Light sensitivity is a measure which e,_timates the effect of
light parameters (for example, decrease in illumination and background
illumination) on the excess of the signal-noise ratio or the thresh-

old value, q_, of the frequency signal-noise ratio. Two types oftelevision _f,eras were defined in section 2.6: A camera quasi-
matched with the simplest image and a suboptimum camera for receiving
a complex image. In accordance with this, we discuss estimates of
light sensitivity.

A typical example of a quasi-matched camera is the television
camera used in astronomy for recording stars (point sources of
light) [83]. In this case, a scattering circle with effective area
AA( is projected by the telescope lens on a television camera photo
layer. The light parameters are the illumination E created by the
star (point source) in the plane of the telescope lens entry pupil

and the background brightness B_, created by illumination of thenight sky and extraneous illumiflation. Depending on the light

sensitivity of the camera, light parameters E and Ba provide a greateror lesser excess of the output signal noise ratio _ over the thresh-

old qthr"

We examine the dependence of the slgnal-noise ratio q on light
parameters E and B_, initially without taking their spectral char-
acteristics into c6nsideration and then, allowing for their effect
on choice of light filter.

The effective area of the Camo_ tube target storage band
AA_ can be found from its direction_amplitude-frequency char- /152
ac_eristics (AFC), considering that the directional AFC of the tube -_
is isotropic:

I'_,(v)_v (B.26)

where KTT(V) is the AFC of the tube and v is the directional frequency.

If the condition
AI,_AI_. (3.27)

is satisfied, it can be considered that all of the light flux from a
point source enters one storage band. In this case, the value of
this light flux
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I' -Ln@_, (_.2B).I

where E is the i.lluminatloncreated by a point source in the plane _f
the inlet pupil of the lens, d Is the lena inlet aperture d_nm(,ter
and T is the transmission (;oelTiolent of the lens,

The _,lluminrzt_on eroated {_n the ph_toe, athode hf the tube by a
uniform background,

(3.29)

where B_ is the background brightness and _f is the focal length of
the len_.

The light flux from the background in the storage band

'.-] (3.30)
The average number of photons from a point source in the storage band
in exposure time T

A,V 2iaidi/'7 ', (3 31)

where a is the number of photons in one lumen per second.

The average number of photons from the background during the
exposure time in the storage band

' z f (3.32)

Substitutlng the values of a_ and _i from (3.31) and (3.32) in
formula (1.3), we obtain an expression for the slgnal-nolse ratio
caused by photon fluctuations:

#c . /'-77_VY

,i - ,..I_ ,zV. T .--{Z:.','i #i'i' (3,33)

We allow for the quantum yield of the photocathode E , 1 of actual
tubes and the target noise factor. Considering that the gain of the
target K is a random value having a Polsson distribution, it can be/153
shown, b_ using a complex Polsson distribution [82], that the target .....
noise factor

wT.
_T (3.34)

If the gain of the target Km is sufficiently high, which occurs, for
example, in a secon type tube, the readout beam shot noise can be
disregarded, in comparison with the photoelectron noises.
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Takln_ th_ off,at of th_ phntoo_thod_ ql1_ntunl ,yield into non-
_id_ratinn_ for the n_ KT _ i, fnrmu_s (3,1_3) .f_ t,ho _n_].-nol_o
ratio tak_ th_ fnrTn

If condition (3.27) i_ not _ati_fied and th_ inequnlit.y

' al_>al_, (3.36)

takes place, this leads So a deo.','easein the light flux from the
source falling on one charge storage_band in the tube target, which
is proportional to the area ratio _&_/AA_, and an additional factor
appears in expression (3.35) [83)

It is clear from Eqs. (3.35) and (3.37) that, for a point source,
the signal-noise ratio increases in proportion to the product of the
lens diamter and focal length. The signal-noise ratio is directly
proportional to the square root of the background briEhtness. We turn
to the dependence of the signal-noise ratio on storage band area.
Signal, noise and signal-noise ratio vs. storage band area _A| are
shown in relative units in Fig. 3.17. As is clear from Fig. 3,17, the
signal increases in proportion to storage band area until it is
equal to the scattering circle area _A|. Background noise, the toot--

mean value of which is proportional to the square root of the number
of background photons, is independent of _A|, and it increases un-
restrictedly with increase in storage band. A signal-noise ratio
maximum occurs upon satisfaction of condition _A_ • _A|.

?ig. 3.17. Signal (i), noise (2) and sig-
nal-noise ratio (3) vs. storage band area

In detection of a point source of light on a uniform background,
by a receiver with a threshold resolver, two t_pes of error are

i_3
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poeslble because nf BtAtIBtloal fluotuAtlonB: TaklnR a random
noise overshoot as A sIRnal (Paise alarm) and nmlsslnn ef A _l_nBl,
benause of a random d@crmme_ In sIRn_l l(_vel below th_ threshold.

t.I.o ,_,n'zm f"_ iqn'_l It i_ o]_,,Ar f'rom l,',g:. 3,18 _h,t, ,

II w_th ehan_e _n b_ok_round hr,_F,htnes_, tu

p _larm, the threshold ].eve']. C ohou:Ld chanFo, ,i,n proportion to the vo].u(, of _-_,

A more nearly correct determination
of optimum shape and area of the storage
band in the problem of detection of a

] 1 [ light spot on a _ray background requires
I

,, ) _ , ---- findlng the values of (3.31) and (3.32)) !
_toraqe band wlth allowance for distribution of illu- i

mination in the spot ECx, y) and in the

Fig. 3.18 Threshold level background E_(x) y) ahead of the lens:selection
, * ) i

"" t ,* s

(3.38)

N_ =,{I .__ ,rou_X,!1),Ix(t!/ /:,t,(x , !/)h(._:--_:', tl--!l') dx' '111' ( 3,39 )
|._',II [_',Y

where h(x) y) is the directional pulse characteristic of the lens
and "r,_, _.(x) y) is the transmission factor of the mask on the photo-
cathode:

We change the order of integration, and we designate the con-
volution and, taking the symmetry of the pulse characteristic of the
lens into consideration:

T: _.n, the photon signal-noise ratio is determined by the func-
tional from expression (3._0):

^ _ L1#, _'1_ n(#, _,'),l._'d_' /155
..... ,...:-:: ,:,_ ..........

" '" °"[;i' I
With symmetrical distribution of illumination, we can change to polar

coordinates. _hen) function (3."0) 0 _o'_) (Or) = = 1, b,7 msx,mlzingfunctional (3. i)) rectangular (equal n I), and radius r of the
storage band _s determined by limitation of the differential contrast
of the spot w_th the level, In accordance with the condition

:
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Let us examine the problem of maximization of a functlonalof type
(3.41) in greater detail, with the example of the dependence of
va_io (3.35) on wavelength. We take the _pectral density of the
b_(lkZround radiance B_) and the spectral density of the radiation
created by a point so,roe in the plane of the inlet pupil of the lens
E(A) into consideration [85_ 86].

Then, form_la (3.35) is reduced to the form
n

P

where h n = 6.62.10-34 Watt.sec 2 is Planckts constant, C0 = 3.108 m/see
is the _peed of light in a vacuum, _(_) is the spectral dependence of
the transmission coefficient in the optics, _(_) is the spectral
characteristic of the quantum yield of the tube and _ is the wave-
length in _m.

It is known that the light sensitivity of a camera can be im-
proved by incorporating a light filter, the t_.ansmission coefflelent

of which _(A) can have a value within the limits 0 _ _(_) _ l,

into its o_tical system. Let us find the sharacteristi_ _¢(I) of
the optimum light filter.

Taking the spectral characteristics of the light filter into
account, formula (3.h3), for the slgnal-noise ratio, takes the form

q= _ 1'O*(_)t®(_)d_

where _.!5_6.

We transform formula (3._4) to the form

145

I

#

00000002-TSE01



q

It follow:1 from oxpresilinn (3.45) that the tssk ef maximization of
the signal-noise ratio is reduced to ftndinz tho maximum of the
functional:

#(% (k))_ 1i,,(L),®(_)aLl (3.46)

In other words, that characteristic T.(1) of the light filter must be
found, at which quantity (3.46) will _ave a maximum. This character-
istic will be the desired spectral characteristic of the optimum
light filter.

The light filter transmission function sought _¢(_) changes
within the limits 0 _ T¢ & 1.

We present the transmission function in the form

where z(1) is a certain function of light wavelength; P{z(_)} is the
operator by means of which function z(1) is converted Into function

We place the following conditions on operator P{z}:

(a) P{z} is a monotonic, continuous, differentlatable function,
determined along the entire numerical axis:

(b) P{-®} - 0, P{®} = I.

It flows from these eondltlons that

_q!(_)I ,U,(2} 0.

We will seek the maximum of functional (3.46) by the vnrlation
method. Substltutln_ (3.47) in (3.46) and representln_ function

1;16
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z(X) in th_ £o,.m _().) " _O(X) + _n().). w_ obtain an expT.es_ion /157
for Cunet;inna] (3.]IG): ........

!j{ ,,{).1. iA} ;_
• i (3 118)

1 .J!_0.1P1.',0.) _ _l(_))cl_.

where Zn in a function .yielding the maximum funct',l.onn] (3.48); n(_,)
:Is an _i"hitrt_rybounded func;t.l.on;_Ind _ is the variatlona] v_L"inble.

It is evident that, at _ = O, expre_sion (3.48) wili have a
maximum. There fore,

i 'I P' d /_,.,1_.1I__ _.--,
0 U

,_: $.-; 0 t

where P ::: p (z, (_)); P' = _/' (z,,(_)) ( 3.4 9 )

It can be shown that expression (3. 49) reverts to zero with any
function n(_), only in the event P'(zn(_)} = O. In th:.s case,

function zn(_) takes a value of eithei _ +® or -®, in which the change
in value t_kes place ,:_ly by a Jump. Correspondingly, function _(X),
in accordance with expression (3.47), can take only the values 0 o9 I.
Jumping from one value to the other.

Therefore_ we will seek the

_,_,_A_r_r_; transmission function of a optimum-
light filter in the form of

_ rectangles (Fig. 3.19). We write

down the following system /158

•_ of equations for finding N rec- .....
tangular sections of transparency

........................ _ of the optimum filter:

Fig. 3.19 Calculation of re_iens
of transparency of optimum spectral

light filter N ,_ _ t,_
" I_,t",)%_ "- ,__(_),I_ _'("')%_I_,,_),i_., (3.50)

N _| N

:g'(P_)%_I_,(X)d&= _,(p,)%_ i'&,,(X)dk0 147
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J

whe_.e J m lip, . . ., N| _1, _.! are the boundn_.te:_ of the ]-th i
sectlan of tram, par,enag o{' the"l{ff, ht t'_ It.at,.

I
Separating the equatlorm in ,_y_r,em (3,r_o) from one anoth_,r In

palm, w(' obtain i

a_(_,) _l(ll,) a,(m,) al({a_)"'"' I_(=S) _.(PN) '

It .i.u ovidcnt from 1;his that the limits of the sections or
tr&nt;parency or the optl.mum ].i_ht ri].ter Itre ].ocated at _de_ltiea].

].o.vels ot' the signal-background rat:to (Fig. 3.20) [_,l(X)/g2(X).

&f.4)..,.,a, $.(aj In this manner, for calcu-
$,g) _'' _/ap latlon or the spectral character-

'S' istlcs offthe optimum light filter,

it is sufficient to solve system
of equations (3.50).

The solution or system

_[.,...[/.r---I '-'_ ll_ (3.50), tn general rorm, can be.... a carried out by computer.
_, P, _. 4,

Fig. 3.20 Regions of transparency We examine the estimate of
/,vs. spectral contrast gl(_) g2(X) light sensitivity of television

cameras reproducing, not a point
object, but an object of complex shape. In television, an estimate
of light sensitivity usually is carried out from the experimentally
determined light characteristics. In vidicon cameras, measurement of
the light characteristics takes place on a background of video signal
current shot noise and video preamplifier noise:

12 = 2 el F + 12 , where 12 is the video amplifier noise power,
n _ _

h _
e na

l_anis the total noise power at the videocorrected to its input and nZ
amplifier inlet.

Because of the pre_ense or noise, measurement of the amplitude/l.59

of the video signal pulse I , formed by the camera tube, I._
carried Hut in the confidence interval ±AIp, equal to (Fig. 3.21).
AI : qt- I -, where qt- is the threshold signal-nolse ratio, with
a _tven _o_bilfty of _.tectlon of a video pulse.

Taking a flnlte confidence Interval into eonsideratlon permits,
first of all, determination of the working exposure range, from TB..

to T;:_I- of the light characterlstle, an is _llustrated _n Fig. 3._.
The nu_rical parameter or the light characteristic ts _ts steepness,
equal to the derivative continuous characteristic:

; S(TB) " dIs/d(TB), A/lux.sec.

The steepness of the light curve permlts calculatlon of the
v_deo signal current from the decrease in illuminatlon AB on back-

1.48
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ground B_ (Fig_ ].17), by the approximate formula

AIs S(TB,_)TAB at: ,,_-Co'mt, (_.51)

./}./'t '

Zs_ r I - "
'_thr [#llm:_ l_hr. lj__.. /_im T_

:hr

Fig. 3.21 Determination of working exposure
range and threshold illumination decrease
from light characterlstic's

TDe slgnal-noise ratio from a large, low-contrast detail, taking
(3.51) into consideration,

:>re. _ S(TB#)T_B

4,'

Following sensitometry, which was developed in photography [35],
we plot the light characteristic on a logarithmic scale. The steep-
ness of this characteristic is the dimensionless quantity

d logI

or ABr kl.
(3.53)

Steepness y is called the contrast coefficient_ since it character-/160
izes the change in contrast by formula (3.53). _

Frequently, the threshold contrast light aensltivlt_, estimated
by the value of the threshold contrast of a large detail reproduced
by the camera, is used. The threshold contrast value of a large
detail is found by equating the slgnal-noise rstio (3.15) to the
threshold value:

iIn photography [35], steepness y is called the characteristic
curve gradient, and value of the gradient _n a rect_ICnear section
the contrast coefficient. This separatlon has not been adopted in
television.
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iI 3;i,77

Y_sa Yl/,

With increase in background illumination, the value of y(B_)
decreases and the value of p(B_) _ncreases, which generates a m_nimum
in threshold contrast (3.54). vlt has already been noted in section
3.3 that, in a slow-scan vidicon camera, a signal-noise ratio
Q__ = 800 has been achieved. At Q--_ - 4 and y - . this should
p_vide for achievement of a thres_81d contrast inla large detail
equal to:

k =. _h_a= 0.005. ( 3.55 )

The threshold contrast in small details can be determined for a sub-

optimum camera, from the condition of resolution of two small details,
by means of equation (2.89). In an estimate of light sensitivity of
a suboptlmum camera from the threshold contrast in small and large
details, allowance for the light spectrum should be included, similar
to the way it was done above for a quasl-matched camera.

It is evident that prospec_ of use of television light receivers
are expanding considerably, under conditions of bringing to reality
a calculated potential light sensitivity, exceeding the light sensi-
tivity of the human eye, both for receiving radiation invisible to
the eye and for obtaining a lower contrast threshold.

The latter is being achieved, by means of reducing the noise
factors of the video amplifier W= and tube W_, increasing the photo-
effect quantum yield ¢ and increasing the efficiency of formation of

the video signal current ns.

3.5 Forced Erasure of Camera Tube

 _Aarge

Forced erasure of charges, remaining on a camera tube
target after a single readout, has been noted above, is opening the
way to storage of larger charges, since it permits elimination of /161
tube persistence. Reduction in _;ime T._ of erasure and correction
of the target increases efficienu.$ of _he slow-scan method of
video signal spectrum compressior (see formula (3.5)).

The memory characteristic (see Fig. 3.4) permits evaluation of
erasure of the late_ image stored on the target_ by means of spread-
ing of the charges over the target and a number of other factors,
under conditlons of absence of a readout beam. Inclusion of a readout
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I _oadout from / beam and the readout process tt_oLll')

[ _ r ] [ of co_lrt_lo, P_0celep[_.to[i ors']life o]'
1_7._oreod _ranure [ the latent imago.

I I _'h__ time nhnPar, tevlst:Ie oC
I [ t_,lev_slon st(_rv_ge device (F_g, 3._72)
l [ the leading front of whleh Is the stor-

,- S._ device _esDonse oharacterlstlc
(_.d the roar, the readout response

1 o?cle ()haracte,rlstlc) is a major characte*'-
_"................... Istie, determining the stage of a

Fig. 3.22 T_me characteristic slow-scan operating cycle of'
of television storage device the tPansmltting camera. The eras-

ing effect of' the readout beam is

evaluated by the readout response characteristic, which shows the
decrease in amplitude of the video signal in the first, second, etc.,
readout from memory of a stored image.

In supericonoscope and superorthicon type camera tubes,
erasure of the stored latent image is facilitated by the fact that,
in the process of erasure, storage of a new image takes place. The
erasing effect of a new recording on the old one in these tubes is
explained by redistribution over the target of secondary electrons,
knocked out by photoelectrons.

The residual image, which appears in supericonoscopes and super-
orthlcons with nonequillbrlum recording, is the most serious inter-
ference to storage of a new image on the target in vldicon type
camera tubes. This interference can be fought in two directions:

-- By e llmination (even if partial) of the cause of
formation of' the residual image on the target:
Decrease of readout persistence, by means of develop-
ment of appropriate tube targets and increase in the
erasing effect of the readout beam;

-- By incorporation of a special target erasure and
correction operation in the camera tube
operating cycle.

The first direction involves camera tube _mprovement, and it is
determined by ach:levements :In vacuum technology, and the second,
cam_ra tube circuit development.

It is simplest to carry out the tar_,et erasure and correction /16_.___2
operation in the superieonoscope. For thls, it is sufficient to
irradiate the target with a uniform flux of fast photoelectrons (i.e.,

a • i)_ over a period of t_me ,.,qua]to Tt_, at a zero potential
difference between the collector and the ,_Igns] plste. The erasure
and correction time T.. c,qn be decreased in this case to the expo-

sure time, i.e., Ttt/_ _. _ 1.
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In th_ _upeporthlcon_ a tuhe with a two-sided tar_ot, the read-
out and correction operatlnn consists _l' _rrad_at:lon of botl] _dm_ of
the target wlth a stream oP Past eleetpon. [BTI.

The slowest rate of latent Imag_' erasur(_ in the ppoc(,ss of r(md-,
out of a television otorago device by at)electron beam i.:_charactm.-
!stic of vid_oon type camera tubes. The v_dleon readout
response _.sdetermined by the follow_ng factors. I,ar_e charges
are accumulated en the photo layer in a vldicon during expom_re, for
erasure of which by the readout beam, repeated switching of the tar-
get is required; this is caused by the so-called switchln(_ component
of the vldlcon readout response. Moreover, the latent image formed by
exposure within a semiconductor photo layer, by means of the internal
photoeffect mechanism, does not disappear instantaneously after
exposure, but at a finite rate; this is caused by the so-called photo-
electric component of the vldlcon readout response.

The existence of two components of the vidicon readoutresponse
hampers the search for a method of forced erasure and correction,
to provide for operation of a vldlcon with a long memory in a slow-
scan camera. For the purpose of simultaneous elimination of
switching and photoelectric readout persistence, it has been proposed
[88] to include a photo layer erasure and correction operation in the
vldlcon operating cycle, consisting of two successive stoges:
Illumination of the photo layer by uniform light from an illuminator
and rapid switching of the photo layer by an electron beam with a
current of maximum amplitude. In this case, the advisability is

assumed of changing the accelerating voltage between the signal plateand the cathode, during rapid switching of the photo layer by the
electron beam, as well as the possibility of installing a second, more
powerful electron projector in the vidlcon.

Development of the erasure and correctlon operation was a major
stage in experimental research in the field of use of a long-memory
vidicon in the slow-scan method of image transmission. It per-
mitted designers of slow-scan cameras, using only one type of
long-memory vidlcon, to build slow-scan cameras with tube
operating cycles of various lengths. By means of the erasure operation,
it became possible to build a Blow-scan television transmitting
apparatus (single-tube or multitube), which has a time cycle changln_163
according to program, for the purpose of observation of objects wlth "--
various rates of motion.

As an example, we present a structural diagram of a _low-
scan camera (Fig. 3.23), with a vid_con type camera tube, the
prospects fop use of which in space television are esp(,clally h_gh)
by virtue of its small size and simplicity of Insurlng unattended
operation. The presence of a controllable photoshutter, auxiliary
vldlcon photo layer illuminating lamps, camera mode program control
unit and narrow-band video amplifler, having an optimum vidicon load
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Imal._tane_ and opthllum tl'an_Iil_$_on
/ ,sllutter flnwtioil, ar,_: a[malrlo fo_ thltl _ll-]mi_pl|..
/ /,._m_11 _[$ghts Th_ pro_,r_m aontrl_l unlt flmm_ pul_t.s,

P"""'- ..... i]]umi.nnt_n_ lampn, _vli_nnlplnte and v_dl-

t._r d'M'_.ng ,_orre,at.ion) l_,nd ucu_nning. In the
correction proteus, scanri_.n[_ 18 pr'e_mrved

__i _ and the s_a,lnlnl_, rat,, of the ,:,w:ltci',-
ir,g beam increases sharply, for examp]o,
by means of supplylng a s:|.nusoidal volta_,e,

__ _ with a frequency a hundred times greater
5°"--, ........._7_ than the line frequency.

Fig. 3.23 Structural
diagram of slow-scan

vidicon camera

3.6 StoraGe and Readout in System with
Controllable Field

The capacity of a camera tube target to store large charges
can be increased, not only by means of developing a new type of target,
for example, through use of thinner storage films in the tube, but by
means of increasing the intensity of the potentials in the large and
small details of the latent image. Intensity of the potentials of the
latent image stored on a target dependson the field created around it
by the stored charges and potentials on the tube electrodes. The
field strength in the region of the target is determined by the po-
tential differences (see Figs. 1.7 - 1.11):

-- For vidicons, on the plate Usp and thermocathode Uc;

-- For superorthicons, on the collector grid (target

grid) Utg and thermocathode Uc;

-- For supericonoscopes, on the cylindrical collector /164

Ucc and the signal plate Usp.

Depending on the type of camera tube, one of the three

potentials U,., Ut_ or Uo. can he sele@ted as the field controlling
potential U __ To _reser_ the _enerality of the discussion, we will
call this t_e control potential U_. The pregram unit controlling
operation of the slow-sc_n t_ansmitting camer_ (see Fin. 3.23)

shifts the control potential U during the cyeletime, nnd _t estab-
lishes the value of U_ s(.parat_ly for storsge, resdout from the
memory and target eraBure.
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We consider the effect of th_ control pntentlal in the
camera tube on th_ storage pro(Jess. The m_chanlsm of accumulation
of char_es sn the sup_ricon_sc(_pe and superorthlcon target is
characterized by great similarity in the part using the secondary
electron emission phenomenon (e _ i). The difference _n the super-
iconosoope and muperorthicon storage sections %s reduced to a differ-
ence in shape and location of the secondary electron collector:
It is cylindrical around the supericonoscope target and in the form
of a grid located next to the target in the superorthicon. If
the target has an Inltiai potential U_n before the storage process,
by selection of the control potentlal_Uc on the cylindrical collector
in the superlconoscope or on the target grid in the superorthicon,
an accelerating voltage Uc - U_n can be created, for removal of
secondary electrons from the target during storage. This storage
mode with removing field, which significantly decreases redistribu-
tion of secondary electrons over the target, is called nonequilibrium
registration [89]. Establishing nonequillbrium registration condi-
tions in the supericonoscope and superorthlcon permits:

-- Increasing the image potential intensity with a
given exposure and a given contrast, by means of
linearization of the storage device response
characteristic and use of targets with a large secondary
emission coefficient_

-- Increasing the maximum image potential intensity
under conditions of corresponding increase in exposure.

__ An increase in the control

potential U_ is accompanied by
_: gradual saturation of the secondary

electron current from the target to
the collector, which creates non-
criticality in selection of control
potential values (on a cylindrical

_ --7_ collector and a target grid) during
voltage,V the storage (exposure) time. In a

Fig. 3.24 Decrease in image number of cases, there may be
potential intensity on super- interest in buildup in a braking /165
iconoscope target for storage field (U_ - U_n) _ 0_in which
of charges in a braking field secondar_ ele_Erons are returned to

the target. A graph, reflecting the
decrease in image potential intensity _U on a supericonscope target.
With decrease in control potential U. on the cylindrical collector_
from 0 to -1O0 V_ is presented in FigT 3.24 [70]. As is evident from
the .figure, in a strong braking field (U _ -i00 V)_ the decrease _n
image potential intensity is slight. Th_s is evidence that inter-
element redistribution of secondary electrons on the target plays the
principal role in the storage process in a strong braking field. The
presence of interelement redistribution is confirmed by the form of J
the video signal from black-white Jumps, which becomes differential.

The material presented on nonequilibrium reglstration in the

supericonoscope and superorthicon refers to vidlcon, although the
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storage process in these tubesd¢)eanot use the _econdsry emission
' phenomenon, but the internal photoe_fsct. An Increase in control

potential on the vldicon signal D]_te (U^ • U,n) re]atlve to the
cathode, from l0 to IQ0 V causes _n increase _H p(_tPntl_l Intens_t_
In large and _mall details of the $mag_, being _toP_d. With increase
in control potential U to I00 V, the vldeo n_gnal Is (_H_slderabl_
distorted b_ interference from the dark currents In the target [3D].

The value of the control m_tentlal If_which the slow-scan
camera program control unit sel;s luring s_orage, Is quite un-
critical. The criticality of setting the control potential increase
sharply in changing to the process of readout of the stored image.
We consider the effect of the control potential U_ on the readout
process. We return to formula (1.8) for this. T_e control potential
U_, together with the average component U_,, of the potential image
p_rticipates in creation of a constant fi_l_ around the target and,
thereby, affects the video signal amplitude _

 (Osq% (3.56)

where In is the readout beam current.

It follows from formula (3.56) that, by regulating the control
potential U_ (i.e., by regulating the steepness S), the video signal
amplitude c_n be changed. In order to reveal the pattern of this
effect, the following relation was obtained experimentally [70]

A U :=con_t,
I..x

The experiment consisted of estimating the change in amplitude
of a video signal formed in memory readout by a beam I_, of a constant
potential drop on the target AU, at different values _f the control

potential Uc. Measurement results applicable to readout by the hard/166
beam in the supericonoscope (U_ - U_.) are presented in the form of --
the graph in Fig. 3.25. In th_se m_surements, constancy of the
potential drop AU and background potentlal UO was achieved by main-

tainlng constant s=orage conditions on the
-_- target. The potential drop formed from the

_,o_ edge of an opaque black strip, with a width
of 0.I line length (i.e., U¢ - 0), at constant

,_ _... exposure BTe - 2 lux'sec.

_° / The experimental curve in Fig. 3.25
•_ -_ demonstrates the existence of an optimum take-
m_ _'mvo_it_g_ *__ off field, i.e., existence of an optimum value

of the control potential Uc cot' at which the
Fig. 3.25. Super- amplitude of the video signa1_generated in
conoscope readout the memory readout
efficiency.

iFor simplicity, we assume U_ • 0 for a vidicon or suporthicon

and that Ust • 0 for the superico_oscope.
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prnces_ reache_ a maximum. The memory re_daut, with a nnntrc,l

video sl_at a_p_,ude, _o_u_ _ _f' redu(.t.lon _n t,e_dout of'flea,nay,

The conclusion a_ to the existence or' an optimum fle]d t'orthe
readout pr_(:oss holds true, not only with reference to retidmd; by a
hard beam_ but to readout by a _ft beam (ueoondliry emiu_(¢(_n oeoffl-
clent leas than one).

[ I " Since, :in the proce_;_ of

( readout of a latent image, the
i _ ' _@ _..{ readout beam encounters potential

, @[ _j ,./.J L/f.V_ drops AU at different background
_ au #e evident that the o_timum value

of the control potential t_U^e°Ptq must be regulated during
readout time, in accordance with

Fig. 3,26 Explanation of necessity the change in background potential
of regulation of control potential U_ (Fig. 3.26). Retention of a
in camera tube c8nstant control potential value

canrot provide maximum readout
efficiency for low-contrast details at different background levels
from black to white.

Setting the control potential U_ at the optimum, relative to /167
the level of the background potentia_ U_, on which an image detail _--
being read out is located, with a potential drop AU, is a means of
"subtracting" the background. This subtraction guarantees formation
of the maximum video signal from low-contrast details on a bright
background, i.e., %t increases the contrast sensitivity of the tele-
vision system.

3.7 Slow-Scan Camera Video Preamplifier

A television camera video preamplifier must guarantee the required
amplification of the camera tube video signal, in the assigned
video frequency band, with a minimum noise factor. Design of a video
amplifier can be arbitrarily divided into three stages:

I. Selection of type of video amplifier input cascade
and calculation of camera tube load resistance:

2. Selection of method of design and calculation of input
circuit linear distortion correctlen cascades;

B. Calculation of video frequency bBnd and video
amplifier noise factor.
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We (_hta]n the calnu]atlnn Pnr,!l_,uJ.n

fh_p the nnil_e f_f_(_tn_of n vILdo_ ntTq_]If'tor

( with t_ p-n Junetlon fi(.Id-_l'_(;t tmnn_l_-

z_ t,)P ;_nput (_nt_oado, A (ilaY, p_m e.xplal.n-

in_ de_Iv_tl.on of' the nn]_o fr_(_top£ormu]n
'1_ top:re,coted _n Fig. 3.27. q!ho nol_(_

.:. of th_ f'_tp]d-ef'fe(_1;tr,annlni.of i_ z,epre-

Fi/_. .27 Dla_ram of _(mted _r. t_he form of a ,mrAe_1
fleld-off'_et Srannlntor p_o,nevat,or of' nolne vo_t,aF,e e. I_nd a
Input oa_m_de of video parallel _enerator of noln(_ _u_,ront .i.n
ampl lf:t,,v [90] ,

For calculation of the video amplifier nolne f'acter_ the shape
of its amplitud(;-ft'equency charaetez,_stic (AFO) mu_i',be known, We
seleo_ a flat i_FC to the upper frequency liml_ F-. , beyond which tho
AFC decreases smoothly. Such a video ampl.lfler _l have the equlva-

lent ft.equenoy band Fe = bFll m (see section 2.5).

We find from the diagram in I,'Ig.3.27 that the square of the
noise current led into the output of a video amplifier with a flat
AFC,

where k = 1.38.10-23Joule/degree is the Boltzmann constant, T°

is the absolute temperature, in is the equivalent root mean noisecurrent of the field effect transistor with an open input circuit_ /168
e_ is the equivalent root mean noise voltage of the field-effect

t_ansistor with a short circuited input circuit, RL is the tube load
resist_nce, _ = 2 #f Is the cyclic frequency, C is the input capaci-
tance of the amplifier, with the tube capacitance taken into account.

With hig_ tube load resistances in the medium and high frequency
region (_RLO) _ I, expression (3,57) is simplified:

' ' _"_ I" j_"l;;a - j_-_ ,'" li_'t'e_(o_C)'l,tl. (3.58)

We find the value of i_2- from the static cutoff current I of
_he field-effect transistor_, * by means of the Schottky formula.@°

i;:

where e is the charge of an electron,

9

Substituting (3.59) in (3.58) and d]vldin_ I_'m by the video
signal current shot noise, we obtain an expression for the video
amplifier nolse factor
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i¢)

.1_1.I,', _-'Jel_',.I (,_,(,,,,:,,11 (3,60)

I(_.1 I I1#1/_, -- " - '

wh(_ro _s i_ the vi(_oo 8_n_l _lnplitu_o, d,_@rllllnod _12om the l_g',i_t
oharaote_istlc of tl_o vldloon.

Zt i_ clean from expre)_ion (3.60) that, with s|)oclflo input

oa_de p_r_met_r_), ,T,_o, o n _n_ C, _ reduct,lon In the video _)))pllflernolso factor can be achieved, by moan_ of Inoreat)InH the tub() load

reslstanc_ to.w_lue_ clo_e to tl_e internal ret)istan_e of the tra)m-
mlttlnH tube. i The transmitting tube internal reol))tance dep_ndu on
the target capacitance, r_adout rate and size of the active _ectlon of
the readout beam (,_eesection 3.3). Therefore, in each specific ca,_e,
the tube load resistance _hould be selected as a compromise between
permissible values of it relative to the camera tube internal resist-
ance and reduction in the thermal noise power of the resistance.

If the tube internal resistance is high, selection of the load
resistance can be made from the conditions, in which the resistance
thermal noise power is 2.5 times less than the video amplifier input
cascade inherent noise, Further reduction in the resistance _hez,mal

noise power, negligibl_ decreasing the _'esulting video amplifier /._6___
noise factor, leads to an unjustified increase in load resistance ant
to complications of correction of the input circuit frequency dis-
tortions. Setting the terms in the right side of expression (3.58)
in a 1:2.5 ratio, with allowance for (3.59), we obtain a formula for
calculation of the load resistance

I_L_ I0 k '/" g,! --

2"_,' )'I'_,(°)¢)'dt (3.6l)
U

We substitute formula (3,61) in (3.60) and) after certain trans-
formations, we obtain a formula for calculation of the noise factor

o (3.6_)Wa -I .)-1.4 ......

,.(-.,.),.
The results of calculation of the noise factors by formula (3.62),

for t_pical values of the parameters C - 25 pF, Ice • _.i0.'ii A and
II en (curve 2, Fig. 3.28) are presented in Pi8, 3.12.

Analysis of relation (3.62) shows that there is an optimum value

of the video amplifier equivalent frequency band Fe opt, at which its

iIf the tube capacitance Ctt _s greater than the input capacitance
of the amplifier Ca, reduction in the _Ideo amplifier noise factor
can be achieved by parallel connection n - Ctt/C a of identical
input cascades.
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i

- , Ii,i'iI:: noi.ofactori°atami i..um
the first appr_xlmatlon, not taklnz

: funotlon an(f) into account, and
equating the first derlvatlvo of

_ _ noi_o factor Wa(Fe) to zero, we obtain

I •/:iDT_
I i - I",_c ,t,,;, I' _iR°' (3.63)

, 4113._i_Li"
It i_ evident from expression

Fig. 3.28. Typical curve of (3.63) that the optimum value of the
equivalent noise voltage en video amplifier equivalent frequency
of field-effect transistors band depends only on the input cas-
with two types of p-n Junc- cade parameters.
tion ( I, 6N28B-V tubes
(3) and a 6851N-V nuvistor An increase in noise factor (Fig.
(4) vs. frequency with short- 3.12) with narrowing of the frequency
circuited input, band Fe • Fe opt, is connected with

the dominant role of the shot noise
of the cutoff current Ice and, with broadening of the frequency band
Fe _ Fe ont, with the field-effect transistor channel thermal noise •n.
The value_6f Fe opt (see formula (3.63)) can be increased only by /170
means of a decrease in the video amplifier input capacitance and
the field-effect transistor noise.

We compare the conditions of achieving the minimum noise factoi'
in a slow-scan video amplifier, with different types of input cascades.

A reduction in the camera tube signal current in the slow-scan
mode leads to a situation, in which the input cascade leakage current
can prove to be comparable to the sigral current. In this case,
the leakage cur_'ent shot noises will prevail over other noise sources
in the input cascade, limiting the decrease in video amplifier noise
factor. To eliminate this limitation, it is sufficient to have the
video amplifier input cascade leakage current a factor of i-2 less
than the camera tube signal current. With a slow-scan vidicon sig-
nal current on the order of 10-9 A, this requirement is satisfied
only by electronic tubes and fleld-effect transistors.

Typical results of measurement of the grid current of electronic
tubes and the cutoff current of a modern fleld-effect transistor
with p-n Junctions are given in Figs. 3.29 and 3.30. 1 Analysis /171
of the measurement results shows that the cutoff current of the
field-effect transistor at moderate "dischage-discharge" voltages
(Ucd • I0 V) and electronic tube grid currents at high negative
voJt_Lges on the grid IUsI ) 2 V, are between i0-'I0 and i0-ll A,
over a wide range of change in input signal.

IM--_Ptransistors are not consluered, because of the poor noise
parameters en and in, compared with those of fleld-effect transistors
having a p-n Junction [91].
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__-_ . .. ,. ,__ Another parameter d_ter-

mlnln_ th_ no_s_ faotor nf a

val_nt,nolse voltage e_ of the_" _nput (.ase_d_o In nar_ow_ng the

systems, a s_nifin_nt limitation
m" on decrease _n v_d_o amplifier

noise factor is introduced by
m# that re, ion of the noise power
9' _pectral density, which is

caused by the flicker effect in
Fig. 3.29 Typical curve of Zrld an electronic tube or by excess
current _ vs. _rid viltage _ noise of the I/f type in semi-
of 6N28B-_-_ tubes (I) and conductor devices.

6S51N-V nuvistor (2) at Ua =
40 V, U 1 - 6.3 V Typical results of measure-

ment of the equivalent noise

____._L_#_ ! . voltage en of electronic tubesand fleld-effect transistors of

input, are shown in Fig. 3.28.
The equivalent noise voltage of

! . ,1-:..1:<:]:_:c  rtds red0urre ts.°nderconditionssmall
Theequivalentnoise

Us_V_-_ _-_ _ _ _ _ _d_ resistance frequently is used as

Flg. 3.30 Typical curv9 of shutoff a calculation parameter,
characterizing the noise pro-

curre_t_ I__ of a modern silicon perties of a device. This
field eff_St transistor with p-n has been Justified for a wide
Junction vs. "shutoff discharge"Us_ frequency band, where the
and U_x "discharge-discharge"
volta_s:l_ - 18 V_ 2.U_ _ 15 V; flicker effect and excess noise

3.Udd " i0 V_. Udd = 5 V_0 Usd - 0 can be disregarded. In anarrowed frequency band, their
effect must be taken into account.

Calculation of the equivalent noise resistance

! sh_ws that, with decrease in equival_nt frequency band from 105 to
i0 HZ, the resistance Rn of a field effect transistor (curve 2, Fi_.
3.28) increases from 180 to 1600 ohm, and R. of the nuvistor (curve
_), from 100Q to _000 ohm. A sharp Chan_e _n the equivalent noise
resistance creates indeterminacy in calculation of the noise factor
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4

of narrow-band, slow-scan viden amplifiers frsm the value nf R .
Usero _ the oqtlIvalent noise vo_ta_o e In oalculatlon formula u
_.uu), with account taken of its dependence on frequency, permits
the value of an actual video ampllfi_,r noise factor in s given
frequency hand to be obtained.

" ,)

It is evident from FIMs. _._9 and 3.30 _hat, at comparable
values of the _rid an_ cutoff currents (4.10 Ii A), the equivalent
noise voltaze In mod_rn field-effect transistors is approximately
half that of electronic tube_. Consequently, to achieve 8 minimum
noise factor, use of field-effect transistors in the output cas-
cade of a slow-scan system video amplifier is preferable. /172

Narrowins the equivalent frequency band of a video amplifier
is accompanied by monotonic increase in the tube load resistance
(see formula (3.61)). The value of the tube load resistance at
F _ 10 u Hz reaches several hundred megohms, which requires an effec-
tive correction of linear distortions of the input circuit.

_ Two methods of building
2_ 4 correcting cascades are known: With

frequency-dependent negative feed-
back in the emitter circuit (Fig.
3.31a) and with a frequency-

I_I_!._.__ c _#I O__ !_. dependent divider in the base• ' circuit (Fig. 3.31b). The
criterion for selection of the

Fig. 3.31 Diagram of correcting construction method can be the fre-
cascades quency band, in which the cascade

accomplishes the correction, and
the magnitude of its noise factor. For the region of the operating
frequency of a slow-scan system, analysis of the diagrams in
Fig. 3.31 is easily reduced to expressions, suitable for practical
use.

The frequency and phase characteristics of the input circuit of
the video amplifier have the respective forms:

K (D i

'I'l) actan _ in. (3.64)

where _in = RLC is the input circuit time constant.

We find the frequency and phase characteristics of the coreect-
ing cascades in Fig. 3.31, for the case when the Internal resistance

of the input signal source is considerably less than the input
resistance of the correcting cascade, and the correcting cascade load
serves a, a high resistance, shunted by small oapac_tan_ . In
practice, It is easy to satisfy these conditions by connectlon of
an emitter repeater at the input and output of the correcting cascade.
Then, for the diagram in Fig. 3.31a, the frequency and phase char-
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acterlBtl_s_ respeetlvel,y_ are&

'e _a

I p- i:' r """'
....,,,!.. , (._.65)L_.3_

q,_f) r_mn.......... e .......
'-(e; ....... I

Re _ ) (.._'I:

Junctio_Where_ -ReCe and r e is the differential resistance of the emitter /'

For the diagram in Fig. 3.31b:

R,

"(f' I,.,, 'll I (.,,_,1"1_ (3.66)
u) Tl

lp_) _ arL,tlln I I (rot,),
R_ i__ I

where _i = RICI"

By satisfying the inequalities:

.... I..... _.,,_Ce. _ I.._L-.- \_ R.&. (3.67)
I I (to_' " Re' I I (mtL)' " J_',

and

-'. - _ _i
<<1' R, (3.68)

the frequency and phase characteristics of the correcting cascade
in Figs. 3.31a and 3.31b take the respective forms

_, "-_ (3.69)
_(I) " I I , (_,t)', _(l) area_),,

where _ • T_ mTe.

Making T =_£_ we obtain the correction of the frequency and phase
distortions of the input circuit.
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Inequality (3.68) is easil_ _atlsfi_d in practical oIroults.
but inequality (_.67), only in a r_trlcted f_equeney band, W_ £_nd
the frequency band, in which the cascades accomplish the correction,
from the conditions, when the, drop in frequency chsracter.lstlcs
(3.65) and (._.66) at the uppor limit (_ompare with (3.69)) equals
3 dB, i.e. ,

K (I) i

Substituting expression (3.69) and_ in turn, (?.65) and (3.66)
in (3.70), after certain transformations, allowing for condition
(3.68), we obtain the respective expressions

' (3.71)

L
.......... I

,..,q' (3.72)

At frequency f_i_' the input resistances of the correcting /174
cascades, allowing fo_ satisfaction of condition (3.68), are,
respectlvely:

Rm_ _I _,%. (3.73)

where r b is the transistor base resistance and 8 is the current gain.

Under condition Ce = C_ and equality of the output resistances
of formulas (3.73) and (3.7_) at f14m, the frequency band (3.71) of
the cascade with frequency-depende_t negative feedback in the emitter
circuit is 8 times wider than frequency band (3.72) of a cascade with

a frequency-dependent divider in the base circuit. If C1 • C , the
gain decreases. Taking the simplicity of the electrical clrc_it into
account as well, use of the cascade in Fig. 3.31afor correction of
linear distortions of the input circuit is more advisable.

If one correcting cascade is insufficient to obtain the assigned
video frequency band, several such cascades can be included. The
time constant of the feedback circuit of each succeeding cascade
is found from _ value of the limiting frequency of the preceding,
cascade:

Where k = I_ 2_ ., m.
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In using th_ sorrectinF cascade cf Fig. 3,31a_ the asslgn_d
Vlden amplli'ler frequency b&nd oan b_ (_btaln_d by the sequential

connection of a correcting cascade _f re_stanee N_, with non-
shunting capacitance, in th_ _mltter clrcult. The ]Imltlng fr_,quency
ef such a e.aseade is de.creased to a value of

' (3.75)

where T_t = re + Re

The total phase and frequency character_stlcs of a corrected
video amplifier, with allowance for the frequency and phase char-
acterlstlcs of the input circuit (formula 3.64) and the correctlns
cascade (formula 3.65), upon satisfaction of condition (3.68), will
take the form: I

I

ll) T

(i_(_)_c:,'ctaz_..-.--_.............arcta_!•
i

The steepness of the drop of the AFC of such a video amplifier

beyond the limiting frequency fl_ _ is proportional to the first power
of the frequency, and its phase e}Saracterlstic is nonlinear.

There are several methods of forming a video amplifier linear /175
phase characteristic. One of the simplest is connection of a r-form
low-frequency filter at the video amplifier output (Fig. 3.32). In
the no-load mode, the frequency characteristic of the filter

....._=_..f,,f ,

i.... l,,I '_S (3.76)

i

where f0 m '_i[p_%_;(q'_is the resonance frequency of the circuit,

v&iF.4;

is the Q factor of the circuit (Rg is the output resistance of the
preceding cascade).

z--_T-_ The phase c.harscterlst_c of the filter

I
_- : q'_,(/)• _r_tan...................1 (3.77)h, I )Fi_. 3.32 _-form low- _[

frequency filter I I,,•
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iS close to linear with a circuit Q factor Q - I/J_.

If the frequency band _f the corrected vldeo ampl_fler fl_- _ fO'
_,ts frequenc_ and phase chsrsote_istlcs will be d,_termlned by f,_e
frequency and phase characteristics of the r-r,,,m f_lter _t its ,_ut-
plat. Substituting the value q - i/J_. in (_.76), we flnd the total
APC of the video amplifier

(3.7a)

The steepness of the decrease in AFC of such a video amplifier

beyond the limiting frequency f0 is proportional to the second power
of the frequency, and its phase characteristic (3.77) is linear.
Integrating [92] expression _.78), we find the value of the equivalent

video amplifier frequency band relative to the 0.707 level; Fe = 1.86f 0.

,.r7...... .....
] I

, , f, : -- 7._ A.

Fig. 3.33 Diagram of video preamplifier of slow-
scan vidicon system

I

An example of the design of a video preamplifier for a slow-

scan vidicon camera, with equivalent video frequency band Fo - 0.12MHz,
is presented in Fig. 3.33. The first cascade T_, a type KP303 field-
effect tran_istor,_ has a gain of I0. The vidic6n load resistance,

calculated by formula (3.61), included in transistor T I cutoff circuit,
equals 200 Mohm. Correction of the linear distortions of the input
circuit is accomplished by cascades T_ and To. The frequency ban4
(3.71) corrected by cascade T_ is 4._akHz an_, by esscsde T_, 0.7 MIIz.
The gains of cascades T= and T= are identical and equ81 to [.2. Them
limiting frequency of tMe F-fo_m filter at the output of the video /_76
amplifier f, - 65 kHz. The noise current to the v_deo amplifier
input is 6,_._0_I_ A_ and the v_deo _mplifler noise fsctor, st 8

vidieon slgnsl current, Is - 2.10-9 A, equsls 1.6.
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3.8 Vide9 _iRnal Pr_c_Balng In

_he llm_tation nf the peak power nf the onhoard radio tpnn;_mltter
makes the problem of effective use of Its dynamic range ur_enl;. Thin
problem in solved, by means of nponlal v_deo signal prnoeBsin_
systems in an intermediate vide() amplifier, followin_ a video pre-

amplifier with aperture correction, Video slgnfll Ucl(t) , of arbi-
trary shape, with a duration nf several lines T_._, entering the
intermediate video amplifier input, is presented_ Fig. 3.34a.

Vide 9 signal U.1(t) has a white envelope Uw(t ) and a black envelope

U_(t), We determine discrete values of the envelopes at moments of
time kAt in the following manner. Uw(kAt) - max {Ucl(t)} at

tE ((k.l)%l,k_h,(_kO _ miu(Ui.dl)).k:1,2....where At is the regulated
interval,

The largest and smallest values of the video signal U_(t) are
reckoned on the basis of return signals in regulation integ?al At,
which e_n be equal to the duration of several lines, one line or a
part of it. Interpolating the discrete values, we obtain continuous

envelopes Uw(t ) and Ub(t) , which char_ctcrlze the degree of efficiency
of use of t_e dynamic amplitude range. Having obtained the values of

the video signal envelopes, it san now be processedj which is /177
written mathematically, in the form of the expression [93, 94]

(3.79)

where U 1(t) and U.o(t ) are the video signal voltages at the input
and output of the [htermediate video amplifier, U. _o_ is the greatest
value (amplitude) of the video signal in the tran_mT_2ion time.

The first processing operation, accomplished by formula (3.79),
is calculation of the equivalent limitation and subsequent fixing of

the video symbol with respect to envelope Ub(t) (Fig. 3.34b). The
limited video signal in Fig. 3.34b does not contain a black envelope.

The second processing operation by (3.79) is division of the /178
limited video s_gnal (3.34c) by the difference of the two envelopes.
As a result of _;he division, the video signal takes the form shown
in Fig. 3.34c. The video signal in Fig. 3.34c has a distorted shape,
with respect to the input video signal in Fig. 3.34a. However, these
distortions, which frequently are permissible, provide for more
effective ugh; of the dynamic range. Moreover, discrete valueB of

the Uw_t ) and Uh(t) envelopes can be transmitted by an auxiliarynarrow band radio Channel or even simply, by means of modulation
of the synchronization pulses at the receiving point. Then, slgnsl
processing can be accomplished at the receiving point, which is the
reverse of that which was done by formula (3.79), and these dis_
tortlons can be eliminated.
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//,,,_O, .... The. _ignnl proeeg_lng,
I;,,,ix r/_) " :'.q_-"fl_._4] dnrlo ne_nrdln_ t,6 fnrmu]a (._.79)j

nutomr,.A;:io video s1.gn_]l c'utoff
.... _'/li_ ..................... "_ .Iovol regulation (ACR) and

t_utomnttc regulation of .1is g_in
_Ot_) ..............................J1 (AGE). Automatle cutoff level

/"]I" r'ezulatlon In essence extracts
M"_II,h-_'_." _ from the. video s.1.1,_nalpreclsely

eluded between the envelopes.

©) t Measurement of the value of theblack envelope is p_ovlded fop
/%/pll

' '":"" /l_._j'_ ..... in it,which is ¢onsidered the

signal, and control of it, by
means of level cutoff, whleh is
the video amplifier parameter.

" .... "_" F Automatic gain re_,ulation (AOR),
d2 as is well-known, stabilizes the

/%Ir'_[_____._! i[__. ,,(I. ] [_.__l[__l_r_l, amplitudesandtermlnatIOnlnltSthecontrollnp_t,envelopesofofofA devicesignalstheltU_(t)_ydlffereneemeansforentering_ de-Ub(t)of
.......... _ the video amplifier gain is

provided in it. The envelope
Fi_. 3.34 Processin_ video signal difference determines the chan_e
in intermediate video amplifier in Eain over time, according to

the formula

K a(t) .... t_ (ti -- L'b(,) " ( 3.80 )

In this manner, these signal envelopes ape controlling quantities _n
the automatic parameter regulation circuit, which act on the corres-
ponding parameters of the video loop.

The presence of a video signal excess permits construction of
an automatic regulation circuit, with prediction (extrapolation) o£
the video signal parameters. For example, in broadcast televls_on,
with high interframe excess, these video signal parameters of a
transmitted frame permit the video s_gnal parameters of the succeeding
frame to be predicted w_th ,_ hi_.h degree of accuracy. In slow-

scan televislon systems, for which the absence of' intert'rame exees_
is characteristic, prediction e._ the parameters _n the regulation
interval At, equal to the frsme time, is impossible. Therefore,
dev_ces with b.V-the-line prediction of parameters ape used in slow-
scan systems_ a hlgh _nterl_ne excess, inherent _n all tele-
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vision system_ with reatanRu!ar raeto_ and Im_e dl_retlz_tlon in
the fframe di_eatlon, is used in them, In m_h devotee, the vlden
channel parameters, in tranemiesion of the video _igna] nP tho k-th/l:._9
llne. are matched to the parameters e_ the pr_edlng s_t_na] c_f the
(k-l) flee, with account taken of p_,oh_hl() pr_d_et_on err()rs.
Automati(_ImPamoter re_ulat_(m ne thls class is statlstiso_, In the
natt_re of the sonnect_()ns between the s_nal psramoters and e|mnne]
parameters.

The class of automatic parameter reKuilation devices, in wh:]oh
the connection between the channel nnd signal parameters ar_) deter-
minate, for example, those assembled aecordlnB to a scheme with
preliminary image scanning, are ament_ the deterministic devices.
These devices are used in Intraline automatic parameter regulation

devices, characterized by small regulation intervals At < TI_,_ ,
permitting use of existing llne delaysof a video signal be_6_ its
transmission.

Measuremen_ of the two envelopes and processing of the signal
by formula (3.79) leads to complication of the onboard apparatus.
Sometimes, for purposes of simplification of the apparatus, it is
useful to limit oneself to extraction of only the white envelope

Uw(t) and accomplishing incomplete processing by the formula

uit) (3.81)

Putting signal processing by formula (3.81) into practice is simpler,
and it is accomplished, by means of automatic regulation of only one
intermediate video amplifier parameter, its gain. The video signal
formed at the output is shown in Fig. 3.3_d.

A high correlative connection between the low-frequency signal
envelopes and the low-frequency component of the video signal
spectrum corresponding to it in frequency is characteristic of
certain types of images. This circumstance permits creation of
simplified automatic gain regulation systems_ which are controlled
directly by the low-frequency components of the spectrum of the video
signal itself.

l_trollab_de
I I Compression of the dynamic range

•_,_'_ of the video signal through suppres-
I i-- _ _'r_ !_J'!to sion of its low-f_equency envelopes,
L _"_c a c

I L ............_---U_2._ez- is accomplished by means of auto-

Ic_%}-oT._a_-.-_.._ _or tactic parameter regulation, a
l! I'_/'_ I structural diagram of which is shown

_ [ in Fi_ 3.35. The system _ncludescontrollable video loop esscades and
.............. _ a control device. The controllable

Fig. 3.35 Structural diagram cascades contain a serles-connected
of intermediate video amplifier limit control (LC) and 8mplifier
automatic parameter regulation control (AC).
system
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The li,dt (!hIIt_'ol,:J_!t(_don bW the Dine]( lev(,l (!ord.vol ,_l_'mrJ Z,_
AllJ, I mH;o 1(we], oxtpli_.tlnl,:tbn ll,o;_1,([Ihq) (!hiillp'/';%th(! v_.dno ' " 'J ('I"

I|II'T,I'IIUIt;IVO|mr, l, The iLlli_)li{'l(v|, o,_q1_;17(,l,:i(_,I,c)(|(ql _),_/(,(;}ii11,(_I

::Ip'!1111() (IO' ('hllli_(.o '[1,ili_l}Ill If! ;II.l(q')tl l|]Illlli(})'Jhltl,,, ¢'dll;Xt_llil;
llmp1'Itlld_aT' I:11o!,XLl.ante(ip(ml,lolJ hi' th,, pm'il.",_Ij:ntI Is lli:JTilli:,ql.no(|
tlt;11_: ,nl,ll;pl.Jt.'l'ho ()_,l|tP(l] doV}ih' |nl}]U(((,i_ video _||l",litll.plil'_l}lllot(,l'

lll"q:I)l':%(I'H) /llld:i eollt_,ol t;*IF_llFllfoi)li}ilip',doVln,r._((:P.],'),The l)/t_'m,o1,,']'

lll(_il>_'{|IIIC'III}U}"Othl _ V_Q.IIIIql _)l}:I ( l}W " "_ 'I .():.!}II'Till I'1011']lll.(}l'V:l'lAI,_ ;Hid lh< '{,d'lt,_tlI'(,l,l;l(,d'In i,}l{;el_nl;_.,l ,_p.11'l,lf ,.lllnti,(m(h,vIeo,

|_op |O}llLll,loll o| ,,4_,H,II_.lll_ ,_n(]i)_0 - II_. which :}et di],oetl,v (m
the V*}(_{O,o;iln_)1,1_"|eP (!{_l'It_'(l]T_}b.),_'(!:t,_i!tldo,._/,'I?l c_t}:_o,()|.'?l(,(_(],']}}t(!?'-

l)O]_H;:lonof i,h(:[;tfl()i_l;_onand :,(,._H,()Plii,:l(moi' eont:Inuous enve]ope._ Is
e_I_'T'I,(.(_o_t her,(._.

A delay llne (I)l,):I..qin(!lilded It} the :lnt_;.'_l:In(_ aul;onvltJc Pel,iu-

latim, devices (At < T_._,_). B,V mean:_ o£ ll;, the video .,rip;hal:is
deJ:lyed by the ti_}e nedei_l], V for fo_'mr_t_on of co_t_,o] *-'_ '' •

Fig. 3.36 Oscillograms of unprocessed video
signal (a) and after processing (b)

The effect of the statistical, llne-by-llne automatic parameter
regulation device is illustrated in Fig. 3.36. A video signal from
the image is passed through the p_ocessing device, a part of which is
closed by a neutral filter, of which the unprocessed image is
evidence (Fig. 3.36a). It follows from the oscillogram that, in on-
board processing, the amplitudes of the slgnsls of all lines, In-
cluding those eclipsed by the filter, are amp'ifled to a value U ........
As a result, both parts of the video siiv_al have identical ampli_u_
(Fig. 3.36b). After this processln_., the v_deo s_L,,nalhas gI'ester
interference p_.otectlon, w_th respect to co,imuni(;ations line noises
and observe_, noises.
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4. FoR SPACE

4.1. Phototolovlslon System

A phototelovi_ion _ystem was flr_t used fQr obtaining
tolevlsion photos of the surface of tho moon on 40stobor 1959,
by means o_ the nonreturnable Interplanetary spacecraft (_S)
Luna-3 [95]. Subsequently, phototolovlslon systems were u.od
in the Soviet spacecraft Zond-3 and Luna-l_ and in the American
spacecraft Lunar orbiter [96].

Phototelevlslon photography of the surface of the moon was
carried out during IS flyaround of the moon and from IS revolving
in a selenocentrlc orbit. The purpose of these investigations con-
sisted of study of the surface of the invisible side of the
moon and obtaining photos of the moon with a resolution unavail-
able to astronomical observers from the earth.

A phototelevlslon system contains a camera, automatic photo-
graphic film developer, film-wlndlng mechanism, image transmission
apparatus and devices common to all television systems for
synchronization, power supply, control and monitoring. A system
for protection of photographic film from the effect of cosmic
radiation also is a necessary element of a phototelevlslon system.
With a relatively short storage time for the undeveloped photo-
graphic film, protection of it is provided by the spacecraft hull
and by use of heavy metal cassettes. In those cases when, because
of a high radiation dose, extremely high weight expenditures are
required for protection of photographic film, a device providing
for sensitization (activation) of the photographic film directly
before exposure can be incorporated in the phototelevlslon camera.

Let us examine in greater detail the functioning of an
onboard phototelevision apparatus, using the example of the
phototelevlsion system of the interplanetary spacecraft Luna-3.
The system includes an onboard phototelevlsion apparatus, radio
channel and ground television recelver-recording station. A
structural diagram of the onboard phototelevlslon apparatus is
presented in Fig. 4.1. In the initial position, the photographic
film is in cassette i, protected from the effect of cosmic radla- /182
tlcn by a layer of lead. The film leader, passing through the
film-windlng loop, is fastened to takeup spool 13. After orienta-
tion of the interplanetary spacecraft on the moon, by command of
the orientation device, the photography process begins. A curtain
type shutter provides practically simultaneous exposure of the
subject on the film, in the form of two frames, by means of two
lenses with 200 and 500 mm focal lengths. Winding of the photo-
graphic film is accomplished by autonomous camera drive 2, in
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two-frame oyolc_. _imult_neou_ly wlth exchange of nei_hborln_
pairs of frames, the _hu_tor release time is ch_nEed, which
provides for exposure with four different time wluse. The
exposed photo_raphls film is concentrated in Interoperatlon
_tora_e device 3, calculated for its full length.

Upon completion

of the photography,
_llm developer 4 i_
automatloully turned
on, _ts construction

'A _ is as simple as pos-]_xtsrnal sible, since devslopmentdo

__, O_ .power of the film is
.... _C__......,., J_uppYy accomplished by u
_ __i'_ _'._ circuit slngle-stage process.

_m---_.F. _To3_dio Active film-windln_
_ _J -L J_ransmltterinput roller 17 and takeup

-- -C " [__.__er.n_a control circuit spool 13 synchronized
wlth it, draws the
film through a _eser-

Fig. 4.1. Structural dlagram of onboard volt filled with
phototelevislon camera, developer. Cavities

filled with outside
gas can form inside
the developer, as

reagent carried off by the film is consumed. Under welghtless
conditions, this can lead to disruption of the development process.
Therefore, reagent consumption compensator 5 restores the initial
amount of reagent and creates an excess pressure of 0.I arm inside
the developer. To keep the reagent from escaping from the reser-
voir, elastic seals, designed for this excess pressure, are
provided at the film inlet and outlet.

The processed film enters a dryer, which consists of drum 6,
with stabilized temperature and blowoff system with moisture
absorbent 7. The completely developed, dr_ film is wound up on
takeup spool 13. Upon completion of development of all of the
photographic film exposed, the developing system is automatlcally

switched off. Control of the dsveloplng process is accompllshed /183
by mechanical program device 8. The drive of this device provides
for drawinE the photo_raphlc film throush.

Upon command to transmit information, the photographic film
bsglns a smooth movement in the opposite direction, paBslng
through transmission window 19, in which it is leveled in the
focal plane of the lens. The image is transmitted by means of
a "traveling beam" device, consistlnE of miniature picture tube 9,
reproduction lens i0 and condenser 11, collecting the light flux,
modulated by the photographic negative, onto the photocathode of
photomultipller (PM) 12. To eliminate the effect of irre£ulariti_s
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In a_nBitlvlW of Sh_ PM pho_oaatlmde_ _ha oon4anBIn_ optlo_
proJeot_ a _Qannln_ elemsnt on any _oannint_ ba_e, in She form of
a fixed _potj defoou.sd over the elltlre PM _re_, rloture tube
haa _l_ctronlo llne aoannlng (transverse to the pho_of_raphio
£11m). Long,ltudlnal (frame) coannlnp: i_ provided for by a
prsei_lon msoh_nIQal film windlnF_ deploy, l_loQtri0al Ima_ _i_nal_

from th_ PM output enter, video ampllfAer 18, whlal_ filt_ru the
PM ahot no&ae from the video aig, nal, ampltf:lea and form_ it,
'_,heformed television _nal i_ _snt to the output of _,lm onboard
radio tran_mltter.

After pa_leag,e throuF,h the transm.i_elon window, the photo_'aphlc
film a_ain enter_ (loop 20) intcroperatlon film storaEe device 3.
Upon completion of tran_mlssion of all frames taken, the pro&,,ram-
mln_ devlou automatically reverses the windlnB, and transfer of
the photo_raphlc film AB repeated. Uniformity in film wlndln_
is provided by a hi_,h-precl_ion film wlndin¢ mechanism and takeup
spool compensator, which regulates the rate, dependln_ on the
thickness of the photo_raphlc film layer wound onto the drum.

Functlonln_ of the television apparatus is provided by
scannin_ i_, synchronization 15 and power supply 16 units. The
onboamd phototelevlsion apparatus is under telemetric control,
_ivln_ information on the tunctionin_ of all links.

A general view of the onboard phototelevlslon apparatus
used in the Luna-3 IS is shown in Fie. _.2.

The quality of the /18_
television photos, sizes,

[..... welEht and reliability of
,' the onboard phototelevision

apparatus are determined to
a zreat extent by the
automatic photozraphlc film
developing and readout

i. apparatus, The senaito-metric characteristics of
, the photographic film used

in phototulevislon syube,ns
are selected, based on
optimum coupling of the
photographic film and readout
device characteristics, from
the point of view of _uaran-
teeing the maximum siznal-nolse

FiE. _.2. Outward appearance of ratio and transmission of
onboard phototelevlsion camera, low-contrast Jumps. Therefore,

in distinction from standard
photographic technology
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requlrementn, a maximum photographic film density of l-l.2 and
a sont_aet ooefflclent of 0.8-I, at _ fog level of 0.1-0.3, san
be considered to be acceptable.

Selection of the photochemical film developln_ proses_ i_
determined by the requirements as to qualitative charaeteri_tlcs
of the system, necessary fo_ prolonged storage of developed film.
The highest qualitative characteristics are provided by the
usual multisolutlon process, in which the film is developed,
washed (the developlnz reagents are removed), fixed and dried,
in sequence. Exchange of reagents, temperature criticality of
the process, and a large volume of reagents complicates design
of an onboard developer: they increase its weight, size and
energy consumption. If prolonged storage of the photographic
film is not necessary, simplification of its development is
possible, by means of elimination of washing and drying. A single-
solution process, in which the photographic film is simultaneously
developed and fixed, simplifies its developing technology. Con-
siderably lower temperature criticality and independence of
photo quality on development time permits a miniature, economical
and highly reliable film developer to he created. However, photo-
graph quality is somewhat reduced in this case; resolution
is 35-40 lines/mm and the fog level, 0.2-0.3.

A diffusion process, similar to the process used in instant
photograph cameras, is the most promising for space phototelevision
systems. In this process, the developers are applied to the photo-
graphic film in a thin layer on the substrate. Diffusion takes
place between the emulsion layer and reagent film, the rate of
which depends on the intensity of illumination of the emulsion
layer during development. In the diffusion process, the photo-
graphic film is developed and fixed and, then, after separation
from the substrate, it enters the transmission camera.

Selection of one photographic film developing method or
another is determined by the assigned qualitative characteristics
of the overall phototelevlsion system, as well as by the weight
and power resources of the onboard apparatus.

Video information can be read out from the photographic
film, by means of a television transmitting camera of any type;
Dowever, in practice, a traveling beam device is used, as a rule.
Such a devine can be fabricated in an electronic version, using

! translucent tubes and, in the optics-mechanical version, where /185
;- scanning is accomplished by mechanical displacement of a point

b light source or its projection. The electronic system permitsscanning over a broad range of rates, and it provides for
simplicity in smooth or discrete change in its rate. Irregularities
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in illumination ot the ploture tube moreen _nd interPerence,
caused by the discrete structure of the lumlnophores, reduce
image quality, despite measures taken to correct these distortions.
The optlso-mechanloal scanning version provides _ood signal
uniformity, and it decreases the _evmetrlc and nonlinear dletor-
tions, llowevcr, llmlte0 ecannin_ rates and the co_iplexlty in
changlnz them narrows the field of use of this version.

Electronic llne scanning, with mechanical frame scannlnz was
used in the Luna-3 spacecraft apparatus. This permitted, together

with the slow operatln8 mode with narrow-band data transmls_ion
from great distances, incorporation of an accelerated, wide beam
mode of examining all fr mes of the film. In the Zond-3 IS
television system, operating at low rates, optico-mechanlcal llne
and frame scannlng were used.

The problem of control of the photographic film condition,
the quality of its processing and preflight testing of the
television channel is highly critical, since these processes
cannot be controlled by normal telemetric methods. This problem
is solved by preliminary preparation of the photographic film
before it is loaded into the apparatus. On the section of
photographic film located in the initial position of the apparatus
in the transmission window, a lined globe is applied, permitting
determination of the resolution of the channel during preflight
preparation, without turning on the film-windlng mechanism.
Television test pattern 0249 was exposed beforehand, on a section
of unexposed film, located outside the protective cassette.
Comparison of the fog levels (the white signal) in the image with
the fog level of sections stored in the cassette permits estima-
tion of the effect of radiation on the film. A frame number
corresponding to the frame, a sensitometric wedge and reference
lines for takln_ account of geometric distortions are applied to
each section of the photographic film. An impressed disk of the
visible side of the moon, corresponding in diameter to a size,
which would be obtained by photography from an altitude of 50,000
km, with a short-focus lens installed in the apparatus, is placed
after the 40th frame. The test pattern is again exposed on the
following frame. These frames must also be developed aboard the
spacecraft. A test pattern developed under ground conditions then
follows and, on the section set in the transmission window after
completion of the developing process, a lined globe, also developed
earlier.

Application of the elements enumerated onto the photographic
film permits information to be o_tained in sequence on all processes
taking place in the onboard camera. By turning the camera on at
the end of photography and film developing, a signal of the lined /186
globe is _ransmitted, by which the channel is tested and the
ground recording apparatus is prepared. After turning on the film
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windln_, the operation of the film-wlndlng mechanism is checked,
" by the Imase of the Se_t pattern developed on earth. The te_t
ii Pattern image developed under onboard condltlon_ then followlnz

giVeS a complete idea of the quallty of the developing process.
The development parameters, taking account of the speclflc_ of
the lunar surface, are precisely defined from the image of the
visible uide of the moon, also developed under onboard condltlon_.
Moreover, a comparison of the diameter of the disk printed on the
film with the diameter of the disk of the back side of the moon
permits precise determination of the altitude of the photozraphy,
with account taken of the actgal Eeometris di_tortlous of all
links in the system: H g 5.10" D/De, where H is the actual photog-
raph_ altitude, D is the diameter correspondlng to an altitude of
5.10_ m, and De is the altltude obtained by photography.

The presence of the sensltometrlc wedges and reference lines
in each frame permits allowance for possible changes in charac-
teristics of the development process and geometric distortions,
arising durlnz operation. Elements located at the start of the
film, as has already been pointed out, permit allowance for the
effect of radiation, testing the degree of stability of the
television channel during the period of transmission of the entire
film, as well as accomplishment of preflight test, without turning
on the film winder.

The unique nature of video information from space requires
reliable and high-quality recording of it on earth, as well as
operatlng control of reception quality. Operating control is
_ccomplished on video monitors, using a skiatron type tube.
Recording is repeatedly duplicated, both by number of devices and
by the difference in methods of it. Recording is carried out on
a photoreeording device, open device recording on thermochemioal
paper, on a videotape recorder, as well as by photographing the
sklatron screen. The availability of different methods of
recording guarantees comprehensive processing of the information.

There is interest in methods of ground processing of the
results obtained. Photographs of better quality are obtulned by
direct photography of the picture tube screen onto motion picture
film. However, videotape recording gives no less valuable results.
The availability of a video signal recorded on magnetic film
permits the masking effect of noise to be decreased to a con-
_Iderable extent, by means of secondary processing of it, and
it permits analysis of the image by signal cross sections at
different levels. This assists in developing a number of for-
mations on the surface of the moon, which are poorly distinguishable
in the initial photos.
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The following experiment was carried out, to test the
authenticity of the decoding of television photos. The visible
side of the moon was exposed on photographic film, under the
illumination conditions of the photography of the back side of it.
The photographic film was developed in a duplicate of the onbo_rd
developer. The information from the photographic film was trans-
mitted through an _nalog of the communications channel in which
noise, recorded in a real communications session with the IS,
interfered. Then, recording was accomplished by the same means
as in actual reception. The decoders, not knowlng beforehand
the structure of the ,Icon, were asked to decode the images and
compile a map of the visible side of the moon fro,, them. The
results of the decoding demonstrated complete coincidence of the
compiled maps with the actual situation. The circumstance that
elements of the surface of the moon observed from earth on the
edges of the lunar disk were on the photos is of great importance,
for confirmation of the authenticity of maps of the back side of
the moon and topographical tying in of the images obtained. An
optical projection of an image of the visible side of the moon
on awhite globe and photography of this globe, at an angle cor-
responding to the angle of photography of the back side of the
moon by the Luna-3 spacecraft, save complete coincidence of the
results for this zone, and it permitted precisely defining the
topographical tie-in of the newly obtained formations on the
back side of the moon.

It should be
noted that photography
of the back side of
the moon on 4 October
1959 was carried out
under unfavorable
conditions, at half-
moon, when, by virtue
of the orthogonality
of incidence of the
sun's rays, there
were no shadows, and
the photography was
carried out under
the natural contrast

Fig. 4.3. Television photos taken from of the lunar surface,
Luna-3 spacecraft, with lens focal lengths which is extremely low.
of a) 200 mm, b) 500 mm. Despite this, photos

were obtained (Fig.
_.3), providing a

quite detailed interpretation of the structure of the back side
of the moon. Repeated television photography of the back side
of the moon was accomplished during the flight of the Zond-3 IS,
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with fundamentally the same phototelevielon system, into which a
number of schematlc_ design and technological chan_es were
incorporated, based on accumulated experience. The photography
conditlone of the Zond-S spacecraft were better, because of the
shorter photography distance and "lateral" illumination of the
surface of the moon by sunlight. This permitted television
photos of hi_her quality to be obtained (Fig. 4.4).

By means of the
Luna-12 and Lunar orbiter
phototelevlsion systems,
television mapping of
the surface of the moon
was carried out, from
spacecraft, revolving in
a selenocentric orbit.
The light sensitivity
of the phototelevlslon
system and the definition
of the television photos
of the surface of the
moon proved to be com-
pletely adequate for
successful scientific
interpretation of them
and for obtaining

Fig. 4.4. Television photo obtained information necessary
from Zond-3 IS. for landing of automatic

machines and man on the
surface of the moon.

The primary virtue of a phototelevislon system, ensuring
its successful use, is the production of television photos of
high definition (over 10b elements/frame), with onboard apparatus
of small dimensions, weight and energy consumption. The use of
the phototelevision system for photography of the surface of a
planet involves improvement of the onboard photographic equipment,
in the direction of improving the protection from penetrating
radiation. Improvement in the readout section of the onboard
apparatus should proceed in the direction of reduction of losses
of information, caused by the electronic traveling beam device
or optieo-mechanlcal scanner. For this purpose, for photographic
film of large sizes, in which high definition is inherent,
sectlon-by-section transmission of the image is used, the idea
of which was stated in work [97, P. 347]. Improvement in the
traveling beam device permits loss of photographic resolution in
a section of the image to be reduced to a minimum [98, 99].
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Work is being carried out at the present time, in the field
of electronic analogs of photographic film, not requiring sompll-
oated development processes (electronic tube with a _trlp target,
ele_tro_raphlo layers, tape photoelectronlc converter_) [96].
It should be noted that perfection of film development method_,
information on them as to the temperature, electroma_netlc or
light effects and activation of photographic film before exposure
can expand the prospects of use of photographic film in creation
of television systems with intermediate image recording.

4.2. Narrow-Band Mechanical System

A narrow-band mechanical television system was first used for
space research on the Luna-9 lunar spacecraft (LS) [i00]. It
was intended for obtaining close-up television photos of the
surface of the moon, by means of the LS after soft landing of it
on the lunar soil.

An optical-mechanical
television system accumu-

Ci_ lates light energy during
F the period of transmission

l_-_e i _ of a single elem_n_ and,

\ I_ _,"'_ therefore, it has
_ .... acceptable light sensi-

tivity, only in transmission

_ i > of slowly moving objects.

__ A virtue of such a system

is the maximum simplicity

in construction, highuniformity of _ne image
background, low-level
of nonlinear and geometric
distortions, llnearity of
_he light characteristic,
permitting photometric

Fig. 4.5. Structural diagram of measurements to be provided
Luna-9 LS onboard television camera, in any portion of the

radiation spectrum, with
appropriate selection of
radiation receiver.

The onboard camera of the mechanical television system of
Luna-9 is a relatively simple device (Fig. 4.5). Its principle
of operation is based on storage, accomplished by means of an
electrical filter, the video amplifier.
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The instantaneous fleld of view of the camera is formed, by
moan_ of lena 3 and chopplnE dlaphraEm 5. _electlon of the
diameter of the diaphragm, located in front of photomultlpller 6,
is determlncd by the r_qulrement for attaining the optimum value
of the resolution of a camera, operating under She light condl-
tlons of the lunar surface. The system resolutlen depends on /l_
linear distortions and on the slgnal-nolse ratio. Te reduce the
linear distortions, it is desirable te decrease the dlaphra_m
diameter; however, in this case, the signal-nolse ratio decreases,
because of the decrease in the light flux collected (see formula
(1.3)). The combined action of these two factors determines the
presence ef the optimum resolution of the system, at given
illumination and contrast values. In the television camera en
the Luna=9 LS, an angular resolution o£ apprexlmately 0.06°
(3.6') was obtained. Since sections of the lunar surface,
beginning at a distance of 1.5 m (Fig. 4.6) entered the field of
view of the camera, the television system permitted resolution
of the smallest details of the lunar surface, with dimensions
of 1.5-2 mm, i.e., 200,000 times better than by telescepe.l

Line scanning by rocking a
mirror vertically within an

_-_ angle of 29° was accomplished
in the television system by

....2"_-. fer linear angular dlsplacementof mirror 1 in a line scanning
period of i sec, with a reverse
travel ef about 10%. In trans-
mission of a panorama, the

....... • _,..........._q_r mirror was turned 360° around
the vertical axis (frame scanning),
in a time of i00 min. Mechanical

Fig. 4.6. Field ef view of llne and frame scanning operates
Luna-9 LS television camera, from motor 4, with stabilized

speed ef rotation. A panoramic
television photo of the lunar

surface is equivalent to a television frame containing 500 x
x 6000 elements (Fig. 4.7).

The enbeard camera of the Luna-9 LS television system /191
formed a narrow-band television signal, having a spectrum width
ef about 250 Hz, i.e., approximately equal te the video signal
spectrum width in the Luna-3 IS phototelevlsion system.

iIn- greund photographic and visual observations by means efa
telescope, details en the lunar surface of less than 300 m are
net successfully resolved.
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A _ene_al view of one
Of the intermediate designs
of a LS onboard television
camera is shown in Fig.
4.8. Subsequent design
finlshin_ of the onboard
camera permitted its
weight) size and enersy
consumption to be reaused
[i01]. An outer view of
the onboard camera used
in the Luna-9 LS is shown

Fig. 4.7. Fragment of panoramic in Fig. 4.9.. The camera
television photo obtained from was fabricated, in the
Luna-9 LS. form of a small cylinder.

Openings in the metal
flange are used for
attaching the camera to
the LS hull. A narrow-
band television signal
from the camera was
furnished to the onboard
radio transmitter. Radio
transmission was carried
out at a frequency of
183.538 MHz, using fre-
quency modulation.
Receptionj recording
and processing of tele-
vision signals was
accomplished by a ground
station, similar to the

Fig. 4.8. General view of inter- Luna-3 IS television
mediate design LS onboard television system. A similar narrow-
camera, band optics-mechanical

system also was used to
obtain panoramic photos of the lunar landscape from the Luna-13
LS and photography of the surface of the moon from the Luna-19
spacecraft, which was in a selenocentric orbit. The small mass
(1.3 kg) and low energy consumption (2.5 W) of the optlco-mechanlcal
camera of the television system permitted its use on Lunkhod-l,
on which several such devices were installed.

The mutual locations of the television cameras installed
on the Lunkhod-i spacecraft are shown in Fig. 4.10, where the

outlines of the upper cover of Lunkhod (top view) are given in /192
dashes, and the cameras are designated in the following manner:
Nee. i and 3 are vertical survey cameras, Nos. 2 and 4 are
horizontal survey cameras and Nos. 5 and 6 are slow-scan
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television system o_mer_s [_02].
_noramle o_meras No_. i-4 permit
stereosooplc photo_ to be obtained
with a 500-mm stereo base for camera_
Nos. i and 2, several meter_ for

camera_ Noa. i, 3 and 2 and 3 m for
camera_ Nee. 2 and 4. The Ima_es
transmitted from panoramic camera_
Nos. 1 and 3, having a panoramic
ansle of about 180o, are used for
selection of the primary course of
movement of Lunkhod, topograpl_Ic
terrain photography, investigation
of structural peculiarities of the

•'------Y'" relief and the like. The vertical
panoramic cameras (Nos. 2 and 4) are

Fig. 4.9. Outer view used for navlgatlonal purposes and
of Luna-9 LS onboard observations of the front wheels
television camera, of Lunkhod.

The principal qualitative
characteristics of the panoramic
cameras of the Lunkhod-i space-
craft are significantly improved

__so_°Z over those of the panoramie
_. cameras of the Luna-9 and Luna-16

o ,'_'N_._t_'8, _, spacecraft. Thus, for example,

inlet aperture and chopper
diaphragm diameter, the aperture

_,_a_ characteristics of the camera
were noticeably improved (Fig.
4.11) and, by means of substi-
tution of the PM-54 by a PM-96,
stability and sensitivity were
increased. Moreover, automatic

Fig. 4.10. Diagram of camera sensitivity control (ASC) is
installation on Lunkhod-i used in these cameras, by a
spacecraft (top view), signal with a time constant of

5-10 sac, and not by llght.

For transmission of images of the sun by the vertical survey
cameras, an additional operating mode was provided for, with
disconnection of the ASC and reduction of sensitivity, by means
of setting the appropriate PM power supply voltages. The
basic characteristics of the panoramic cameras of the Luna-9,
Luna-16 and Lunkhod-i spacecraft are presented in Table 4.1.
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........... ',_...... ' equ£pmen_ l'or moteorology and
, ] t'k_., a- _ the natlonal economy ocaupi_

d_"...... _ .... _ an Importan_ plas_ amon_i {{

_j_-._.......... __ • space tel_vlslon syst_n|s.

0 ,__ i__,_ ,_,_m_t_

Fig. 4.11. Aperture charac-
teri_tlcs of panoramic
cameras: i - Luna-9_
2 - Luna-16; 3 - Lunkhod-1.

TABLE 4.l.

General questions o_ deslgn'of similar systems are described
in the next _ection, A deacription of only versions o£ equlpment_
constructed using optico-mechanlcal scanning are presented here,

m I.e., those which are narrow-band mechanical systems. One such
system in the USSR is a meteorological television apparatus for
direct transmission of cloud cover. A structural diagram of such
equipment is presented in Fig. 4.12. By means of a scanning device
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(SD)s of th_ type _od in tho Lung-9 f_pparatusp and a photn_Jultlpllev_
an imago of a noc_$1on of' tilo ma_,'fa_e of the earth ;L_ tPant_for,_d
into a video olt_na,l. To p_,o_:l, de l'of. t_,an_mis_ion nf a narrow-band
video _ignal, dlsplaoemont of the _ignal _pectpum .In a¢_OOml)li_hod
in th_ amplif_inf,_ and foeming device (AF), by m_ans of modulatlnn
or a speolally v;enePatod st_bc_PrieP _'re(p_olloyvoltaF_e. Then,
th_ si(_ns,Z b pasnl;if_ thPoup,,|tPadlo tr_nolni_teP l('f_P(:a_hes the
reoelvinz, apparatus (I_A), to the output of wl_io,h a phototole_:';Psphi_;
apparat,ua I,'TAis _onnected. A fragment of an earth cloud coy.or
image obtained, from thi_ appaPatun is pre_ont;ed in Fig. 11.13.

}ly I'1OhPo n'.l.Ma t ion of
operation of the onboa_'d

• achieved, by means of
high autonomous stabili-
zation of the rotation

Fig. 4.12. Structural diagram of rate of the rocker
meteorological television apparatus scanning mechanism
for direct transmission of cloud and FTA drum.

cover image.
Fop phasin_ I_TA

operation, a special
pulse is used, which
is mixed with the
video sigr,al and
formed onboard, by
means of a mechanical /194
contact, actuated from
an eccentric disk,
inserted into the
same shaft as the
cam, which swings
the scanning mirror.

The basic param-
eters of the system
are: llne scanning

_- frequency 0.5 llz,
field of view _45°,
resolution i000

Fig. 4.13. Photograph of cloud cover
of earth transmitted by television elements per llne,
apparatus with optico-mechanlcal or approximately

1.8 x 2.7 km on the
scanning, surface of the earth

at the sub_atellite

point, signal-nolse
ratio onboard at least i00, radio transmitter frequency 137.6
MHz, frequency deviation el5 kHz. The system gives a normal
image at sun heights beginning at 5° .
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The camera used In the NlmbuB-3 matelllte ls og ]ntoren_.
The shutterless, _i_ector eamer_) with a transluoent photo-
cathode and step _cannln_)I_ _,ntended got contlnuou_1_ obtalnln_
an Ima_e of cloud cover In the daytime, In the visible resion
of the spectrum (_800-6500 A). Thls camera is dletln_ulshed by
high definition, accuracy of reproduction of half-tones and lon_
service li_e.

The F-4I)I_A dlu_ector) wlth translucent photocatho_o, was
developed by the _TT company. The dl_sector aperture is from
12.5 _m to 3.75 mm. Wlth an aperture diameter of 2_ _m, the
actual resolution of the tube reacheu 720 llne_ per centlmeter.
The use of a secondary electron multlpller permits tube eenel-
tlvlty to be increased wlth a low hOleS level. The tube
provides a modulation intenelty of 25_) with a definition of
800 lines [i06].

A virtue of the dissector camera is slmpllclty of construc-
tlon: absence of a thermlonlc cathode, mechanical chopper (and
other movlng elements). The camera consumes h_If the power (12.5
W) of a vldlcon (_amera. The focal length of the Tedea lens is
5.7 mm. The fluid o_' view Is 108°. The dynamic ratu_ of the
system is i00:i. Weight of the camera is 6 kg and of the optics,
1.2 kg.

The camera was designed) with allowance for providing opera-
tion of It in the APT system (scanning rate _ Hz), and it is

intended for obtaining imagos of sections of the surface oft_e earth, with an area of approximately 2)100)000 km (8_0,000
square miles)) with a resolution at the center of 3.2 km (2
miles), recording of these data aboard the satellite and
transmission of them to earth during each pass of the satellite
in the radio visibility zone of the receiving statlon) as well
as for transmission of the images obtained on a real tlme scale
(three times per day), to approximately 300 _round stations
equipped wlth APT systems. The television apparatus of the
flrst geostatlonary satellites, tested under the American ATe
(Applications Technology Satellite) program, also are among
the narrow-band mechanical systems.

The first experimental ATe-1 AES2 was placed in a geosyn-
chronous orbit on 7 December 1966. It had the following
characteristics: line scanninE was accomplished by means of AES
orientation in space, by means of rotation of the satellite
around an axis perpendicular to the orbital plane, at a rate
of i00 rpm. Frame scannin_ was produced by means of slow turning
of the telescopic system of the camera, wlth a frame tlme (2000
lines) of 20 min. Resolution at the subsatellite point Is 3.6 km.

2[AES - artificial earth satellite.]
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A PM wae u_ed ae _he _onverter El07].

A SSCC (spin _ean aloud camera) color, optlco-meohanie_l
television camera, developed on the bade of the AT_-I AE_
television camera, wa_ installed in the next AE_ of thi_ _erle_)
ATS-3 (the launch o_ AT_-_ wa_ _ _ailure). In the oolor c_mera,
the thr_e color components were obtained, h_ me_n_ of u_o of
three apertures. Fiber optlc_ were u_ed rot transmission or rod)
blue and green color data to throe separate photomultlpller_.
The oorrespondlng light filte%'_ wore In_talled on the PM. After
transformatlon, the data on the throe color components wa_
tran_Inlttcd to the receiving statlon over a _Ingle radio chatmol,
b_ means of tim_ compreselon.

The successful experience in operation of the television
systems of the ATS-I and ATS-3 meteoroloslcal satellites
determined continuation of the work in building geostatlonar_
meteorological AES. At the present time, a new modification
of a geostatlonary AES (S_nchronous Meteorloglcal Satellite), 8MS,
in which a two-channel scannlng radiometer will be installed,
to obtain images in the visible region of the spectrum (reso-
lution about 3.5 km), has been developed and is being tested.
It is proposed subsequently to increase the resolution in the
visible range to 0.8 km. The SMS orientation system basically
preserves the characteristics of the ATS series AES. Besides
obtaining images of the cloud cover, it is proposed to accomplish
collection of data from automatic sensors, installed on dry land,
ocean buoys, ships and other platforms, as well as to measure
hard solar radiation and the terrestrial magnetic field, in the
SMS AES.

_._. Nar,rpw-Band Electronic 8_stem

Narrow-band slow - s c a n s_stems, with an electron-beam
transmitting tube of the vidlcon type, have been used to obtain
television photos of the surfaces of the moon and Mars and the
cloud cover of the earth.

The task of television apparatus for meteorological purposes
is to obtain operationally a picture of distribution and change
in cloud cover on the surface of the earth, for compilation of
long-range forecasts, forecasting moving storms, typhoons) etc.,
for which s_stematlc information on the global scale in each
synoptlc period is necessary.

The interests of aviation, agriculture and other services
of the national econom_ require knowledge of the _tate of the
atmosphere and cloud cover at a given place and given time.
Direct information is necessar_ for this. While only 1-2
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ro_olvlo_ _tntion_ _o _uf£!o!ent f_ reoeivin_ Information af
tha flr_t t_p_, _r _ho _ooond, _ lar_e number of ro_Ivln_ point_j
feasted in ov_r_/ ioa_li_y wher_ motaorolo_,',i_].Iz_foPm_t_.oni_
nooe_s_ry. '_h_ roqulromen_ for infornmtlon of _lob_l _nd _oo_
Import_noe w_ _ner_ted Initially in oqulpmant 0£ two typo_'

_y_t_m of _obal ao_oation of television In£orm_ion, wi_h
otor_e on vidoo_po, _nd _ direct tr_nm_lo_ion ,y_tom.

Botl_ t_pea oF telovi¢_lon apparatuo have boon $notallod _n
Al_l with ro_ntiwly _ow orb_.t_, on the order of dO0-1000 kin,
_,noraaoo in def_nition of television _quipment and it_J ino_,la-
tlon in F,eo_t_t_.onary e_rth _._to_llt_ i_ promlelnF,, 'L'he _pl)_r_tuu
Irmt_lled in auch AES, havln_ _ circular orbit at _n _itltude oF
35,800 kin, in the plane of the equator, has a wide flold of view,
on the order of 130-i_0 °, und it monitors a tremendou- territory
ulmultaneously. W_.th the presence of eevera_ _moh AES, there
can be _lobal and direct Information at _ny moment of time _%
one time. Moreover, because of the flxe_ locution of the
_tel_Ite above a single point on the earth, it i_ considerably
easier to observe and rezister the dynemlcs of the cloud cover
in the course of a day. A deficiency of such an observation
system is the impossibility of round-the-clock observation.

Television systems with storage and with direct transmlsslon
of Images are equipped wlti_ three types of sensors. The first Is
a vidleon type electronic tube television sensor with a memory.
Despite the differences in vidicons used, all sensors of this /197
type are constructed similarly, an example of which is described
below, in the Meteor system. The second type of apparatus is
built around a dissector type electronic tube. The third t_pe
is apparatus with optlco-mechanical scannin_ and transformation
of the _i_ht siEnal, by means of a photomultiplier.

Each type of sensor has its virtues and deficiencies. Among
the virtues of the optico-mechanical cameras are:

-- possibility of obtaining high definition, up to 3000-_000
lines;

-- possibility of operation without a _ide-angle lens;

-- simplicity of providin8 a _iven scanning pattern, for
correction of perspective distortions;

-- high light characteristic linearlty;

D -- possibility spectral characteristics,
of wide variation in

by means of r_placement of PM by other radiation receivers;
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-- practically complete absence of signal nonuniformlty
and spots on images;

-- possibility of use of stabilized AES rotation for line
scanning;

-- simplicity of apparatus and high stability and reliability
of operation connected with it.

Deficiencies of these systems:

-- use of mechanical scanning, leading to creation of a
stray moment of rotation of the AES and to generation of
mechanical flutter in the images;

-- possibility of superposltlon of images of neighboring
lines on each other or omission of information between
neighboring lines, because of time instability of AE8
position;

-- sharp reduction in sensitivity of the system with increase
in resolution, because of decrease in light flux with
linear decrease in aperture.

For o_tlmum data transmission, a television system must be
matched with the characteristics of the photography lens and
transmission distance.

: Cloud size and brightness are among the characteristics
:_ of cloud cover, which determine the choice of basic parameters

of the television system. Cloud size determines the requirement
for minimum detail size resolvable by the apparatus on the surface
of the earth and their brightness, the dynamic light range of
operation of the television camera. The satellite orbital
parameters determine the requirements as to field of view of
the camera and ler.gth of its operating cycle, which depends on

_ the time interval of change in subject in the camera field of
vlew_

As numerous observations, conducted for many years from
earth and, then, from high-altltude aircraft and helicopters

i have shown, the c3o_d cover of the earth is very diverse in
form and v&lue of the reflection coefficients. An important
task is dete:.mlnatlon of the minimum size of a cloud formation, /198
which is the optimum for transmission, by means of meteorological
AES. F_,om the d_ta examined in Table 4.2, it can be assumed
that this optimum elze is 0.8 km. However, to obtain general

, surveys of cloud distribution, detect storm lines, movement of

_i typhoons and other large formations, does not require such high
= detail. This is illustrated in Fig. 4.14. In the operational
i _,eteorological satellite system of the USA, for the purpose of
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increasing the area covered by each photo, the resolution of
' television cameras (AVC._)on the earth wa_ selected as 3.2 km.

TABLE 4.2.

Cloud Form Dimensions, km

Small cumulus clouds 0.07-0.08

Cumulus clouds in tradewlnd zone 0.8-2

Large cumulus clouds 0.8-3.2

Isolated cumulonimbus clouds 1.5-8

; Mature storm clouds 9-16

Storm llne Up to 800 and over
in extent

:: The illumlnatlon of cloud formations changes extensively,
which is caused by direct illumination by sunlight, scattered
atmospheric light and bias lighting by bright objects in
the sky.

: The primary portion of the illumination is determined by
the sunlight and, therefore, it changes in accordance with the
location of the sun (its angular position to the point being

:: photographed).

The illumination will be t_e lowest during the polar night,
i and it amounts to about 1.5.10 -_ lux. In the full moon, illumina-
_ tlon is 0.1-0.4 lux. With direct incidence of sunlight,
i: illumination of cloud formations changes from approximately 105
i lux, when the sun is in the zenith, to 5.103 lux, with a zenith

distance of the sun of about 85°.

The contrast of cloud formations chanzes considerably,
with respect to one another and to the surface of the earth.
The coefficient of reflection Calbedo) of clouds varies from
20 to 80_, depending on the rate of their vertical development.
The coefficient of reflection of the surface of the earth changes
from 2 to 70_ for water basins, snow has about 90_ and a forest,
only iO_.
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Parameters of the Meteorslow - s c a n television system
satisfy the requirements as to
apparatus for observation of

the cloud cover on the daylightside (sunllght-lllumlnated)
of earth. The lon_ memory of

R the photoconductor target of
the camera tube permits

_- the system to operate in theslow - s c a n mode with
shutter. Use of the shutter
eliminates the necessity for
complicated stabilization of
the satellite. In an exposure
time of 0.04 sec, the working
range of exposure of the
transmitting tube in the
nonaligned mode is from 0.6
to 8 lux.eec.

The contrast sensitivity
and resolution of the
camera tube provides for
transmission of a high-quallty
image of the cloud cover, with
a minimum size of details on
the earth of 1.2 km. Slow
memory readout over a period
of i0 sec, of the image stored
on the vidicon photo layer,

Fig. 4.14. Photographs of permits the width of the
cloud over of earth, trans- video signal spectrum to be
mitte_ from Kosmos-122 narrowed to 15 kHz. This
satellite: a) Cumuliform narrow video frequency band
cloud cover of various struc- provides for a minimum
tures (from flne-grained to required transmitter power.
dome-shaped); b) stratiform The principal characteristics
and cumuliform cloud cover; of the 1-inch vldicon camera
c) development of a cyclone system of Meteor are
in filling stage, presented in Table 4.3.

il To increase the field
of view of the television

system, while retaining the high angular resolution in it, two
cameras operate simultaneously. Each camera is equipped with a
type OKS-I-16 lens (focal length 16 mm and relative aperture 1:3),
the optical axes of which are inclined at 19° to the normal.
Owing to this, the field of view of the television system is 76°.
Each camera contains a mechanical shutter, which is structurally
Joined to the lens, and has an electronic release.
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TABLE 4.3. [96, 115]

Parameter Name Parameter Value

Frame size on photo layer Ii . ii mm

Resolution At least 50 line/mm

Signal-noise ratio at 3 lux
exposure 46 dB

Working exposure range 0.6-8 lux

Frame readout time I0 sec

Vidicon preparation time 50 sec

Length of camera operating
cycle 60 sec

Video frequency band 15 kHz

Exposure time From 0.025 to 0.04 sec

Photo layer spectral charac-
teristic width 5000-6400 A

The operating cycle of each camera, equal to 60 sec is made
up of the brief photo layer exposure during the return frame
scanning course, memory readout for a period of l0 sec and
erasure of the residual image on the photo layer during the
remaining 50 sec. The forced erasure operation is not carried
out, since the electron beam successfully prepares the vidicon
photo layer in a time of 50 sec. The operating cycles of the
two cameras are shifted relative to each other by I0 sec, i.e.,
exposure of the second vidicon begins after completion of readout
of the first.

To extend the working exposure range of the television
cameras, the lens diaphragms are regulated by command of the
onboard sun height sensor. The lens diaphragms and delay can,
besides, be changed by command from earth.

The outer appearance of the onboard television cameras of
the Meteor system is shown in Fig. 4.15. Four cameras are joined
in a single structure, two of which are reserves.

The Meteor system carries out a global _rvey of the state
of the cloud cover over the entire surface of the earth. With
a limited number of receiving points, this leads to the necessity
for brief onboard storage of the information collected, for
subsequent transmission in the zone of the receiving point.
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.....I Therefore, the television apparatusof the Meteor system, a structural
i diagram of which is shown in
:I Fig. 4.16, is a quite complicated

set of scientific apparatus.
i Besides the transmitting cameras,L,

'J the television camera includes
a forming and control unit, data
storage and reproduction unit
and transmitter unit with antennas.

The shaping unit (Fig. 4.17)

Fig. 4.15. Outer appearance accomplishes preparation of the
of four onboard slow- video signal for subsequent trans-
scan cameras installed in mission to the ground receiving
Kosmos-122 satellite, point, if the satellite is in the

radio visibility
_one, o_' to the
memory in the /201
storage unit.

_11[ _.n_'-_ .......... The video signal,

,, _.._ . ' . camera preamplifier,e _u enters a linear
amplifier, in which

_lJ_'_.._d_'_ tying in of its

' ' _ _ng[ black level and

vidlcon dark current
cutoff are carried

_ _ out. Information on

thevldicondark_, __ current level is /20__2
transmitted with

[_r-_ram-_ _._ the video signal
_o_rol ._.__]uenet.-. of the last frame

h_.a_ in preparation of

lI .......... theitisPh°t°layerstoredinand
the linear amplifier.

_ Further, various
service pulses (syn-!

_; Fig. 4 16. Structural diagram of tele- chronizing, dampingi

i: vision apparatus of slow-scan and correcting) andsystem (units serving the second vidicon a code package on
are not shown), the number of each

h pair of frames are
i mixed into the video

signal. The video signals from the two video preamplifiers of
the operating pair of cameras are switched to the linear amplifier
input, by means of which they continuously enter the shaping unit
output.
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The control unit (F!l:.
4.17) carries out automatic

it operation of the apparatus
L'rom the onboard program
device, in which a portion

b c' of th_ permanent commands
and a part of the variable
ones, changeable by command
from earth, are included.
The control unit also col-
lects telemetric data on

:_ the state of units of the
.I apparatus, entering from

the corresponding sensors.

Fig. 4.17. Television apparatus These telemetric data are
of Kosmos-122, Kosmos-144 and recorded subsequently on
Meteor satellites: a) Shaping tape recorder and are
and control unit; b) storage transmitted to earth
unit (magnetic recording); together with the video
c) radio transmitter unit. signal.

The video signal storage
device (Fig. 4.17), together with the television cameras, is the
most complicated unit of the onboard television apparatus. There
are three videotape recorders in the storage unit, each of which
is designed to record 35 frames. Considering that not every
orbit passes above a receiving point, two videotape recorders
can be turned on in sequence, with a total memory capability of
70 frames. The third videotape recoz_er is used for the mode
of simultaneous recording and reproduction of stored information,
when the satellite is located above a receiving point. The
direct method of video signal recording, accomplishment of which
is connected with incorporation of an original video loop cor-
rection device, is used in the videotape recorders (Fig. 4.18).
To reduce the time of transmission of the recorded video
information (because of the limitation on the time of a com-
munication session of the AES with the receiving point),
reproduction is accomplished from the magnetic tape four times
more rapidly than recording. The video signal obtained from
the tape recorders is supplied to an amplifier, in which additional
shaping of it is carried out and, then, to the onboard radio
transmitter.

The onboard radio transmitter (Fig. 4.17), with a power of
about 15 W, transmits the video signal to the ground stations,
within the limits of direct v_slbility. A ground station is

_,_ a complicated _et of apparatus for receiving, transmitting and /203
proceselng information. A televlslon signal received by the
tracking antenna is demodulated, reproduced on the video monitor

_ screens and is recorded by magnetic or motion picture photographic
film, and it then is processed and sent to the meteorological' center.
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The first experimental
satellites were launched in
1960 in the USA. In the next
i0 years, meteorologlcal AES
of the Tiros (ten AES), Nimbus
(four AES), ESSA (nine AES),
ATS (five AES) and ITOS (one AES)

..:.I type AES were orbited.
Television information, as

in the Soviet systems, is trans-
Fig. 4.18. Outward appear- mltted by two types of apparatus:
ante of videotape recorder the AVOS (advanced vldlcon camera
installed in Kosmos-122 system), an electronlc-magnetlc
satellite, system with video information

storage for global gathering of
it and the APT (automatic picture transmission) for direct image
transmission.

The APT type television apparatus is the IDCS (image dis-
sector camera system) apparatus, described in Section 4.2.

Apparatus of both television systems, AVCS and APT are
installed in satellites of the ESSA, Nimbus and ITOS series.
Zn distinction from other AES, the Nimbus and ITOS have a trl-
axial AES orientation and stabilization system. Such a system
in the Nimbus-4 AES provides constant orientation relative to
the earth, within i@ in each of the three axes.

The ITOS meteorological satellite was launched ii December
1971 and, receiving the name NOAA-I (National Oceanic and
Atmospheric Administration), had the following composition and
apparatus parameters:

1. Direct te_evlslon image transmission system (APT):
-- coverage, 3300 x 2200 km (800 x 600 llnes);
-- resolution at subsatellite point, 3.2 km;
-- number of images obtained in one orbit, 11;
-- overlap between nelghboring images, 30_;
-- single image transmission time, 150 sac;
-- llne frequency, 4 Nz;
-- time between neighboring frames, 260 sec;
-- time for photographing ii successive frames,

approxlmately 48 mln.

The video information Is transmitted at a frequency of
137.5 (137.62) MHz. The information is received by a network
of simplified receiving points. At the present time, there
are about 500 such stations in the world.
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, 2. AVCS global televlslon Ingormatlon colleotlon systems
-- coverage, 3300 x 3300 km (800 , 800 llnes)i
-- resolution at subsa_elllte point, 3.2 kml

i numberog ±magesobalnedin oneorbit,n;
overlap between neighboring images, 50_;
single frame readout time, 6 see;

-- time between photographs of two neighboring frames,
260 sac;

-- time for phctographlng ll _uccesslve frames,
approximately 48 mini

-- capacity of magnetic recording device, 38 frames
(three orbits around the earth);

-- time for reproduction of information obtained in
one orbit, less than 2 mln. Information is trans-
mitted at a frequency of 1697.5 MHz. Transmitter

! power is at least 2 W.

3. Scanning radiometer (SR):
-- coverage, continuous band in direction of satellite

flight, from horizon to horizon (scanning angle, 150°);
-- radiometer channels:

a) in visible range, 0.52-0.73 _m;
b) in infrared (IR) range, 10.5-12.5 _m;

-- resolution at subsatellite point, 3.2 km in visible
range, 6.4 km in IR range_

-- storage, two magnetic recording devices with capacity
of 145 mln each.

The scanning radiometer data can be transmitted in the
direct transmission mode, for reception at APT stations. The
data are transmitted at a frequency of 1697.5 MHz.

4. Plane radiometer for recording outgoing radiation.

5. Solar proton sensor.

Narrow-band, slow -s c a n cameras, wlth vldlcon type
ca m • r a tubes, also were used to obtain images of the moon
during the flight of the Ranger spacecraft and landing of the

' Surveyor spacecraft on its surface. They were used in obtaining
images of Mars, when the spacecraft made a close flyby of the
planet (Marlner-6_ and Marlner-69) and from the orbit of the
Mars satellite (Marlner-71).

The slow - s c a n system in the Ranger spacecraft is
interesting, due to the fact that it is a combination of a
system with high definition and long frame transmission time and
a system wlth low definition, but a short frame transmission time.
The idea of building such a system, permitting a changeover from
transmission of data on rapid movement of an object to transmission
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o_ data on details of an object was formulated as lon_ a_o as
1936j by _.I. Katayev [61Jj and it was put into practice in
planning the first "lunlk" in the USER. Of the six camerae of
the Ranger spacecraft (Fiz. 4.19), four operated with 260 lane
scanninz, at a frame time of 0.2 sac, and two cameras, with
1125 llne scannlnz, at a frame time of 2.5 see E96]. The
video frequency band of each camera was 200 kHz. A l-lnch type
JO 33_8 vldSson was used in the cameras.

The operation of forced erasure of the residual image
included illumination of the photolayer, by means of special
lights, located around the vldicon tarEet, and multiple scanning
by an electron beam.

The operating cycles of the /205
camera, with readout times of

r_ 0.2 and 2.5 sac, were 0.84 and
5.12 sac, respectively. The
residual signal after erasure
was less than i0_. Signals
from the television cameras
were amplified and sent to the
video commutator, which
accomplished sequential trans-
mission of images by two
independent channels. The
signal in each channel was
frequency-modulated and sent to
the 60 W transmitter.

z The slow-scan system of
the Surveyor spacecraft was
a combination "_2a system with
high and low definition, which,
in distinction from the Ranger
system, was carried out with
one camera [104]. The l-inch
QEC type 1335A2 vidlcon camera
had two operatln_ modes: with

i 200 llne scanning at a readout
time of about 20 sac and with

i 600 llne scanning at a readout
time of i.i sac. The first

L mode of operation required a
narrow video frequency band
of about 1.2 kHz and the

Fig. 4.19. Ranger spacecraft second, 200 kHz. Operation of
television apparatus, the camera with low definition

was carried out in the initial
stage_ before unfolding of the

1
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solar battery p_nel_ and hi_h-_in antenna; the a_mera th_n w_
changed over to the hi_l_ definition mode. The operatln_ cycle
of the camera in the first mode was 61,8 see and 3,6 mac in
the second. The remainlnE time wa_ u_ed for erasure of the
vldlcon target,

A sln_ularlty of the slow-scan system of the Marinerspacecraft [105] was the lon_ time for zeadout of the relief
built up on the vldlcon photolayer (_4-42 sac), modulation of
the vidicon readout beam by a slnuaoldal signal, and codln_ of
the video signal. The lone readout time was selected, for
matching with the rate of input of information in the onboard _20__6
memory. Modulation of the vidicon readout beam was used, in

,, order to avoid ampllfylnE the video signal, by means of a direct
current amplifier and to remove the video signal spectrum from
the region of low-frequency noises of the i/f type.

The Mariner system has two television cameras: a camera
with a wide-angle lens and a camera with a narrow-angle,
telephoto lens, which transmits the central part of the image
of the first camera. The frame size on the GEC type 1342-010
vldlcon target is 9.6 x 12.5 mm. The number of lines of each
camera is about 700 and the _eadout time of one frame is 42 sac.
The cameras operate alternately, with an B_-Bec cycle time.
The video frequency band is not over i0 kHz. Images obtained
from the Marlner-64 spacecraft showed that the surface of Mars
has low contrast. To improve signal transmission from the low-
contrast objects, the video eiKnal underwent special processing,
From the output of the automatic gain control device (AGC), the
video signal was sent to an amplifier cascade, the amplitude
characteristic of which has the form of a cubic parabola. After
amplification _nd processing, the video signal was sent on two
separate channels, analog and digital. In the dlgital channel,
the amplitude of each seventh element o_'a video signal line
was transmitted as 8 bits of data, in which the _o most

, important bits of digital video information were transmitted
through a telemetry channel. The remaining, less important 8
bits were sent to a digital videotape recorder. In distinction

_ from the digital channel, the analog channel processed all
elements of the image for subsequent transmission to an analogi
videotape recorder. Th_ memory capacity of the digital video-tape recorder is 1.8.10- bits.

i The number of bits per image element was increased from 8
i to 9, in the apparatus of the Mariner-71 spacecraft, which is

close in design and equipment to the Marlner-69 spacecraft.
!

The examples of specific apparatus presented above illustrate
I the broad possibilities of use o_ electronic slow-scan systems

in space research, The high light sensitivity and resolution of
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! such nyntmm_, combined wlth long _ervlme llfe and radla_ion
resistance, make the),.Irreplaceable for Inve_ti_atlon of the
remote plane_s.

The prospects of bu_idlng hl_hly-sen_:l, tiV_ electronic
slow-scan cameras with high _.euolutlon wer_ crated In Chapter 3.
L_uttinF_these prospects Intn pr_Qtlce lu of importance, not only
for Improv_n_ the _ystema de_rlbed above, but for croatlnF_
new types of systems, for example, holo_raphlc slow-scan _-tems.

_t i_ known that introduction of the holograpl_ic m_thod of
image reproduction involves requirements for high resolution of
the light receivers, close to the RayleIEh d_ffractlon limit.
Achievement of this resolution obviously is succeeding, mainly
in slow-scan television systems [75, 78].

4.4. Wide-Band Electronic S_stem

The slow-_can television apparatus of orbital meteorological
satellites gives quite detailed information on the _tate of the
cloud cover of the earth. In the case of use of satellite
systems, it is possible to obtain information on the cloud cover
of the entire earth. The dynamics of cloud formations in this
case can be observed with definite distinctness. Depending on
the number of satellites, their altitudes, coverage of the
surface of the earth by television cameras, the distinctness
of production of information can be quite high. The necessity
for image processing and assembly time determines the delay
in use of such information.

Space research technology permits use of a wide-band
electronic television system of the broadcast type, for direct
observation of extensive regions of the globe, on a real time
scale. The first such experiment was carried out, using the
Soviet communications satellite Molniya-i [96]. The satellite
orbital parameters permit observation of regions of the globe

_i 6-10,000 km in extent, from altitudes of 20,000-40,000 km.
The virtues of such a system consist of the possibility of
direct observation of cloud cover, determination of the dynamics
of movement of large cloud formations, observation of the
development of cyclones, etc. This possibility is of speolal
interest for observation of reglons which are most characteristic
meteorologically: the circumpolar "weather factories" and the
regions of cyclone formation. As an example, a picture of

i development of a cyclone and anticyclone within single days,
obtained by means of the Molniya-i satellite television apparatus,

i Is presented in Fig. 4.20.
i

E

E

ii
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Fig. 4.20. Picture of df;velopment of cyclone and
anticyclone: a) initial image of cloud formatlons_
b) image o£ region obtained with long-focus optics;
c and d) same formations after 1 day.

The parameter8 o£ the tslevlslon system installed in the
Molniya-i 8atelli_e basically correspond to the requirements of
the government standard QOST 7845-55. _e onboard television
apparatus provides observation of the surface of the earth in
assigned sections of the orbit, formation of a compete television
signal and its transmluslon to the input of the transmitter of
the satellite relay system. Transmission, reception, recording
and £urther relay of the television images are carried out by
the official resources of the satellite relay system. This
circumstance was the basic approach to use of a selection of
standardized scanning parameters, although the task of observa-
tion of the meteorological situation from a Molniya-i type
satellite can be solved by a slow-scan system_ without maKnetic
recording of tile television data.

The onboard television apparatus of the Molniya-i satellite
contains two identical television cameras, a primary and a
reserve (Fi_. _.21). These cameras are equipped wlth a devlceb

providing for pointinK them towards earth_ as well as a device /_08
for scanning the surface of the earth, using narrow-band optics,
Since the camera, containinK quite complex optlco-mechanlcal
devices, is designed for operation under the conditions of
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All clysult ole,llentllel' tilet¢:levlslon appa_,atus a_.e
made of ,_emi_onducto_,devices, u_Inyl mle_,omodulo technolo{;y,

A telc:vlsion photo
of the clou_-[_oveY,
obtailloo l'.t,oll}the
Molnlya-i =_atolllte,
Is shown in Fig,,
4.23.

The _'esol_tion of
tileMolniy:_-I _u_tolllte
television system does
not exceed the maximum
value determlncd by
use of standard broad-
cast television.
Therefore, the purpose
of such a system is

Fig, 4.°'_.3, Television photo of _o obtain video Infer-
earth obtained frol:lmedium altitudes, matlon on consolidated

cloud processes, The
reductlon in require-

m_nts as to resolution, compared with those on a slow-scan
meteorolo_Ical system, and the absence of the necessity for
video signal stoyac,e devices permit construction of a television
system with small dimensions, wei{ght and enerv,y consumptior..
The economy of such a solution also is determined by tilefact
that the onboard television apparatus is installed in a standard
communications satellite, intended fox'relay of television
proc,rams, without detriment to its purpose. In this case, the
satellite radio channel and it_ official system of ground pro-
visions are used. The enev[_y expenditures also :_re s,_Lall,
since a 3-5-mlnute session in the bre_%ks in a television
program, repeated 2-3 times a day, are sufficient for acco,nplish-
int,;the task of meteoz,olo_Ical ebsez.vatlon.

In creatlnl_ _ynchx,onoua co1_tunieatlon_ satellite systems,
providing global relay of television programs, installation of
such simple television apparatus in them solves the problem of'
simultaneous obse_'vatlon of the cloud cover of almost tl_e
entire surface of the Globe. It is evident that the television
system described above does not replace an orbital meteorological
system, bat is an effective and economical supplement to it.

Tileonboard c_meras used in the Molniya-i satellite are
a part of a set of cameras, making up a space television system
(Chapter 5). Description of them in this chapter reflects the
classification of the system by put,pose. It is a matter of
investigation of processes in apace, and not of broadcasting,
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an lz] Ch;tp, 5, '.l'ho. v:l.deol_o.lelltetPlc f_p._d_.tozDof tclcvi_lion _'y_)_eJlit_)
whloh aPo _L_l_d Dy llxtPodtt(_tlolt of te].(;v:1.s:].oii in1;() t,be techli_L).ot_y
of _p_.o(;_P_,J,'t flig]]t (:olltl'o]., _'tl'_; _]o;_'l' to thin pv.PDoqe, FoP tt
t;_],QviLliol| t$.y_;c_lil to ]J(._ tJ.IIQ,{_ ill In_LrltuL]. or _),t]._.',(J|[_.tJ, c _ol]trD1 oJ'

_tll ObS@PV(._d (-)bJ@(.'t, :].ts ].lf',ht ¢,)hLtz':tet@Ptstlo._, the I/|)JtLu).I [)osi-
tlot'l o£ 9|to .'zptt_;ct'aft alld th( _. o|)Joet ;tltd the llke, ]](;VOlOpltl(,lH_
of v:Ldeotel(;mot_'y ny=:te,_,'_ :i._ connected with Derfectlon o[' th(;
m(;a.')uPement pz,ope:t',tlo_) of telov:l.)::ton _Lystemn [96],

The requirement
fox' carz'yinK, out
llleRsuPelltelt _ s i'?'o|P_

television images
arose with tlle first
Steps in development
of space television.
Thus, distance meas-
urements were carried
out in the first space
_elevlsion system fox'
the Luna-3 spacecraft.

. . __.?_._.'(_'_I,. !_ ).. marks in television
of television images,
by means of the cross-
marks and f;radation
steps, were directed
towards improvement /212
of the accuracy of
measurement of coordi-
nates and brightness
of an object.

Fig. 4._.4. Frames of television
transmission illustrating the At, important
docking process, contribution to develop-

merit ef videotelemetry
was a television system

for control of docking spacecraft in space. By means of a
stereoscopic television device, the possibility of manual docking
of spacecraft was provided. The process of spacecraft docking

i is illustrated it: Fig. 4.24 [96].
Necessary conditions for inclusion of television in the

spacecraft control circuit aye an increase in accuracy of
measurement of television Imat_es and an optimum combination of
automation of the measurement process with visual observations
of the astronaut.
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i Televlulon can fulfill, not only tlm major funetlon of
! collection of prllllary Video InforlllatJon Ill th_ control process,

but _UOll all ill_po#tant l'ux_etlollas represelltatlon of Information
l'r'omnontelevislon sellsor_ and f;.opl_oll_p_ter_, in the fOPlll Of
|graZes, i.e., in the bast form for perceptlol, by the astronaut.
In this case, even with a Very lart,:unumber of _:ontrol switchi,w:
points, the operator aboard a _paseer:tft can obtain rapid
and complete information on the operation o£ mechani_u;m and
assemblies of the craft. '/'],isp@i'lllit*'_the neces'4al.y solutions
to be made in tIiiLo,_illdwith COll,llitlnic'itlonswith earth, ,qpeciIlli:Its
_t_, _Po_nd points Call IliOn|tel tile actions Of t}l{,_ operator.

2O2

I

O0000003-TSB03



-i

2. SPACE TELEVISION S¥ST M_

5.1. Coupling Space Televislon.. S2stem_...... to the Broadcast Tele-
vlsion Netw0rk

Space research, aside fro,, salentlfic-technlcal, has a
tremendous soclal-political importance. Therefore, broadcast
television must provide a maim of visual information on the
processes of mastering space.

In classification of space television systems by their
fields of use (see Section i.i), space video communications
systemu, intended for one-way and two-way communications between
a spacecraft and the earth, were pointed out. These systems
are the space branch of broadcast television, and they are called
space television systems. In proportion to the expansion of the
scale of penetration of man into space, and especially after
creation of permanent, operatlni_ orbital and lunar space stations,
space television systems will enter the structure of the broadcast
television network as regular space television studios. The
successes of Soviet television technology, in the field of space
research, have permitted an approach right up to solution of the
engineering problems of coupling space television systems and,
first and foremost, space video communications systems to the
broadcasting network. This makes it possible for_many millions
of television viewers to directly observe the flight of a man
under spacecraft conditions, follow the course of the scientific
experiments, see planets and television reporting from their
surfaces at close range.

The prospects for extensive use of space television systems_
for the purposes of broadeastin_ are imposing a definite technical
imprint on their structure and parameters. Designers have to
take, not only considerations oi' system optimization, from the
point of view of onboard apparatus, into consideration, but require-
ments placed by standard television broadcasting. The latter is
solved most simply by building onboard television systems, in
accordance with the requirements of the All-Unlon Standard GOST /214
7845-55. However, in this case, it must be taken into considera---
tion that:

-- transmission of the standard spectrum of a television
signal places increased requirements on the onboard
television transmitter power engineering and the com-
plexity of ground antenna systems, which are not always
possible and acceptable;

-- the standard method of broadcasting audio complicates
the onboard apparatus and hampers its power en_In_ering;
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-- it is Inedvlsablc to use the type of synshronizatle_t
approved by GOST 7845-55 it|_ sp_e t_yste,l_,since a
considerable part of the dynal1_Isrange is used only
for transmission of synchronlzlng pulses; under the
severe conditions of operation of space radio channels,
this hampers transmission o£ the v_deo information
itself. Moreover, the standard synehronlzation syste,_
compllcatos the onbo_rd _ynchronlzing devlce_,

o)

1-1/ /I-1/
Fig. 5.1. Synchronizing pulse shape: a) according to
GOST 7845-55; b) in the form of a code package.

The requirements for energy economy in the onboard radio
transmitter forces use of methods of synchronization, in which
the sync pulses are transmitted in the form of a code or a
packet of slnusoids (sync packets) during the return of the
line and frall_ scanners (Fig. 5.1) I'._08]. _hese synchronization
methods permit complete use of the dynamic range for video signal
transmission.

Also, for the purposes _f energy economy aboard a satellite,
it is inadvisable to expand the outgoing frequency band for
image transmission for audio transmission. Transmission of the _/21_
audio is possible within the frequency band reserved for image
transmission, for example, by means of frequency modulation of
the sync packets. An autonomous synchronization mode is
obligatory for a space television system. Transmission of supple-
mentary information (for example, _elemetry) also is desirable in
the structure of the television t_nal, using a single communica-
tions channel.
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_.Consgque_tly, on the 9no hand, the speciflqs of operation
of _ne on_oar_ apparatus a_s_a_e _ne necessity for.a ser_es o_
deviations from the rezulatlon of standard GOST 7845-55, in
desi6ning onboard television apparatus in a space television
system and, on the other hand, a television signal, which com-
pletely corresponds to the requirements of this standard, is
necessary for relay over the broadcast television network.
This contradiction is solved by means of inclusion of special
conversion devices in the ground stations, for television
signals received from aboard a spacecraft, into a signal pro-
vided for by GOST 7845-55. The conversion methods can be diverse,
depending on the degree of mismatch of the onboard and standard
television signal parameters.

In this manner, a space television system can determine
both the set of onboard television devices, communications
channel and ground devices which, by means of appropriate trans-
formations,correct the television signal to a form suitable for
use in the television broadcasting network and provide for
introduction of this signal into the broadcasting network.
Brief characteristics of the onboard television apparatus, com-
munications channel and ground space television resources are
presented below.

5.2. OnboardTelevlslon Apparatus

The onboard apparatus of a television system used in space
television serves, not only the purposes of broadcast television,
but performance of tasks of an applied and a scientific nature.

-_ It forms television images for monitoring the activities of
man under spaceship conditions and video communications with
earth and between spacecraft, observation of the operation of
spacecraft systems and control of them, internal television
communications, checking orlsntatlon, obtaining information on
scientific experiments, biological, physical, astronomical.
The majority of these tasks are of indisputable interest for
broadcast television. From the point of view of use of television
information aboard a spacecraft, the onboard apparatus must be
matched to the recipient of the information, man, in the optimum

, manner and therefore, it can be built according to the principles
adopted in broadcast and industrial television. Optimization
of one of the important links in a space television system, the

i_ communications channel, as has already been noted, makes it
necessary to depart from the standards adopted in broadcast
television.

Onboard television equipment used in space television
systems has been developed in several versions:
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i. with i00 ll_ie soallHll_{_j _.t a A_1'_ll10rz'equonoy _n' i0
A'_,all|_s/sec|

_. wILh iute_'ulodi,_toparameto_'_ t 400 llno_ per £:r:,amt;:, at
frame rates of i0 and 25 frames/re;o;

_. wlde-ban¢l v_l.slo_l, llavlnL.., lLn conformallco with (IOST
7845-55, 635 lilies per frame, at a frame rate of 25
fr:ImeG/o_c.

The first version of onboard te_evislon equipment was used
in 1960 and 1961, in tlle second space satellite and in the
Vostok-i spacecraft. Reduction in number of lines per frame
and frame rate permitted the width of tile video signal spect1'um
to be narrowed to 50 kl[z, through deterioration in television
image qaality. This change in image quality in the froqaency
bm_d was necessary, for decreasing the power of the onboard
radio transmitter. It permitted use of {_round antennas of
smaller sizes. Me,'cover, it must be considered that, before 1960,
there were no experimental data on radio transmission of wide-
band television signals from space.

The requirement for unattended operatiotl of onboard ca,*eras
of small sizes predetermined the choice of the vidicon type
camera t u b e. The onboard apparatus of the second space
satellite and of the Vostok-1 spacecraft contained two television /217
cameras with LI-23 vldicons, operating in a mode with simul-
taneous storage and readout processes, similar to the mode of
normal ground transmitting cameras. The onboard cameras were
equipped with 20 mm focal length lenses.

The external
appearance of one of
the cameras used in the
second space satellite
and in the Vostok-1
_pacecraft is shown
in FIg. 5.2. A tele-
vision pl_oto of tile

_1 fi_'st astronaut Yu.A.b,!_,._ Gagarin, obtained
_ ,scans Of this camera,

is presented in Fig.
5.3. The llne strus-

,.... j tux'e is distinctly
seen irl tile photo.

Fig.. 5.2. ,' ' 'Lxtelnal _ppe(_r_nce The accunlulatlon
of onboard television camera of experience Ill role-
installed aboard the second vision transmission
space satellite and in tl_e from sp:ice pe,,mJttod
Vostok-i spacecraft, the quality of television
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monltorin_ of the oondition
el' the astronaut_ to be
significantly improved in
the following spacecraft

i._ launches (beginning with ,,
the Vostok-2 spacecraft),
by means of changing to
the second version of
onboard television apparatus
with 400 lines, at i0 and,

. then, 25 frames per second.
J

The onboard television
equipment of the Vostok

Fig. 5.3. Television photo spaceships had two cameras,
of first astronaut Yu.A. using type LI-409 vldlcons.
Gagarin obtained from Vostok-I One of the television cameras _
spacecraft, provided full face observa-

tion of the face of the

cosmonaut and the other,
the profile. The second
camera was equipped with
an angular optical head,
having a cross sectional view
of the rear section of the

lens, with a focal distance
of i0 mm, and it provided
wide coverage of observation
of the inner space of the
cabin (Fig. 5.4). The
camera included a tube, with
a focusing-deflecting system,
amplifier with i V output
signal, scanning unit,
rectifiers, and onboard /218
power transformer. All
links of the camera were

Fig. 5.4. Television photo of made of semiconductor devices.
spacecraft cabin and astronaut. Besides the camera, the onboard

apparatus contained a synch-
ronizing device, control

device, radio transmitter and illumination system. Special
attention was given to development of the illumination system,
since the correct choice of illumination showed up decisively
in television image quality. Television photos of astronauts,
obtained aboard the Vostok spacecraft, by means of a 400 llne,
i0 frame/sec television system, are shown in Fig. 5.5.

A hermetically sealed shutter camera, operating under 2_
open apace conditions, was used on the Voskhod-2 spacecraft.
The extravehicular activity of astronaut A.A. Looney was
observed by means of this camera (Fig. 5.6).
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_ , _.,.,_._ , ,,"_W_

Fig. 5.5. Television photos of astronauts obtained
from spacecraft: a) P.R. Popovlch; b) A.G. Nikolayev;
c) V.F. Bykovskly; d) V.V. Tereshkova.

The television photos

presented give a graphic ideaof the dynamics of development
of quality of television images
taken from aboard spacecraft.
This development was accomp-
lished, both as a way of
impl'ovlnz the appaz,atus chaPac-
terIstics and improving tile
illumination conditions of
its ope_"tlon.

The expe_ience accumulated
; permitted a system to be

tested on satellites of the
Fig. 5.6. Television photo Kosmos se_'les, constructed
obtained f_om Voskhod-2 space- accordin_ to standard param-
c,,aft; astronaut A.A. Leonov ete_,s: f_'ame rate, 25 Hz,
in space against the background 625 lines. On tile Soyuz
of an image of the earth, spacecraft and, then, on the
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Salyut _pac_or_ft, the _t_ndRrd television syetem wa_ offlulally
_sed. It contRinea R _y_tem of internal _n_ external a_mer_B
(Fig. 5.7). The number of cameras _Rn b_ varied, depending on
the task [96].

A well-workod-out

system of illumination
and the availability el'
a Video monitor, per-
mittinE the astronaut
to monitor information
transmitted from onboard,

I provided high quality
reportins from aboard
(FiES. 5.8, 5.9). Con-
struction of the system
by standard parameters
and elimination of image
rerecordln_ sharply
incre_Jed the quality of

Fig. 5.7. Astronaut Ye.V. Khrunov. information supplied to
the broadcastinE network.

The use of wide-

I; field television systems
'_ wlth standard parameters

does not eliminate the

use of systems with a

f_'i;! reduced number of lines
_ and frames

, ,_ e

':iris: An increase in the /220
distance durin_ fliEht
to other planets, at
the contemporary level

I . of development of com-
_'_-"_--_.,, munications channels,

requires further narrow-
Fig. 5.8. Astronaut B.V. Volynov inz of the television
(seen in mirror) carries out signal spectrum. This 1
television reporting from the aggravates the problem
orbital section of a Soyuz space- of optimum matching of
craft, the television signal

spectrum with the throuzh-
put capacity of the
communications channel.
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Fig. 5.9. Space television cameras with standard
scanning parameters.

5._. Methods of Matchln_ signal Spectrum with Commu,nlcations /2_
Channel Transmission Band

The communications channel requirements are determined by
the television system parameters: the amount of information, the
necessary rate of transmission of it, the assigned qualitative
characteristics of the t@levlsion image, requirements on authen-
ticity of data transmission. The possibility of communications
channels, radio channels, used at the present time, are limited
by a number of factors.

A characteristic of space television system radio channels
is the wide range of distances, to which communications must be
provided, from hundreds to hundreds of millions of kilometers.
The communications distance HI is determined by the parameters
of the radio channel elements:

As follows from the formula, the communications distance depends
on wavelength X, transmitter power Ptr, the tranemlttlng antenna
gain Gta, the receiving antenna _aln Gra , the noise temperature

.' of the system T, transmission band F, signal-hOleS ratio at the
receiver output q, and the Boltzmann constant k. It would seem
that, with thle number of varlable parameters, it would be easy
to create a oon;munications channel, having the characteristics
necessary for any television system. Practically, the selection
or radio channel parameters is limited by engineering solutions,
which are actually achievable and the technical and economic
advisability.
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_p_co nolsen (_bsorbed 1,1 tho lOltOSphero _nd tropospheric
affect the oholoo of r_nEo of k. Fl¢,uro 5.10 lllustrate_ tl_e
quantitative effect of these fa_tors, BeBldea the w%dely
distributed galactic nolaes Indicated on the graph, lmvl|l£: a
mo.xlmum In the pl_ne of the ecllptle and _ m$n£mum In tlloro£'.ion
of the galastio poles, tim red,ratios of _tntorstellar l_ydro_,en
at a frequency of' abou_ i.l_3 L111zand the large number of dioo))ete
radtat£on sourseu should be taken in,t() consideration, Wltl_
_harply divocted V,round antennas) the probabllit,? el' nePtcuu
interference on the part of the discrete aouroen, wl_Ich have
small anHular dimenalonQ) is inelg,niflcant. The sun ie an
exception') Its rays) entering tlleantenna direction Patter* 4
bllnd the receivln£) point. Ionospheric absorption, which 1_
Insignlflcant In the hlgh frequency re6ion, increases quadratlc-
ally with decrease In frequency) and It shows up perceptibly in
the range below i00 MHz.

Losses take place in this ran_le, owin6 to rotation of the
polarlzation plane In paasa6e of the waves throush the iono_pl_ere.

Tropospheric absorption depends on the receptlon angle, i.e.,
on the path length of the radio beam In the troposphere, concen-
trations of oxygen and water vapor and precipltatlon. By virtue /22__2
of these causes, the troposphere is practically opaque to fre-
quencies above l0 GHz. The dependence of absorption on frequency
also Is shown in Fig. 5.10. Thus, from the point of vlew of the
factors belnf+,consldered, frequencies below 0.1-0.3 and above i0
OHz are practically excluded. In this case, the 4-8 GHz range
should be considered to be the optimum.

,'_V,?* .... , ...................... .-iU)QO
"f-_;_--:-_::::.|.: ..... {-Oxyt_E_:_2-.I However, the choice
.t-:--\ .....t............I of theopti.,u,,,radio
_1- -\ Galgc%ic'_di_e ' 1I'] channel frequency ran6e
_n dtre¥.-.J _ ' Ab_sorp¢tonl ] ] also is determined by

._ I\_totl o_Tf* l)Tb_ti_'......I_ e_o._. ]_1-] = a number of en61neerlng
J '[galac_%__f ecliptic"__._..=[ _|.., considerations) trans-

,,I \.: -.-.:-'Vl-:........_-'.:-_._i,_. ,_.1.,1,_ mitrer efficiency, the. .,l '\.... \I • possibintyof build1,,
,? "' \ ' 1,.... resom,nce_Zsi'o ll-°l I_' onboard directional

t 'j _ _\ ]iocs_ _'I o antennas, dlmension_

)i i'r_._. _., ¢ton ' _ and weight of apparatus,

'J .................. tO

i i:i :"': tlons from the optimum
........................ ranges can be encountered

,.L-............ o,,°,,°o.,o,,o,........... flying orbital satellites,

] "_ _ _- \ _J _ocs_ion in which principally the
L--_=_=_=. , ,* ...... an de,,I troposphere interferes,
'.. a' _.,_.*_,_ 2 ,, , _,_,,_.., ,) ,; a,ao the meter ran6e can be

Frequency, dtlz used) providin6 g,ood
Fi_. 5,10. Galactic noise and atmos- transmitter efflciency
pherlc absorption vs. frequency, and operations by
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n_ndlroct,tonal _ntonna_. At medlum _l_n_e:, wlth _ non_Irec-
tlonal or low-directional _ntonnt% th_ doulmeter _hannel o#n
be used _nd, at lon_, r#n___e_)where tim use of sharply directed
tr_nsmittl)_ _n_on_Lac ._ _)_o_OapLtblo, the centlmeter rant:e.

An incr(;_e in _In of onbo_Lrd _ncenn_, under otlmrwi_c
equal condl_lon_, t_h_rply rsduco_ th_ _,eq_Irements for onboard
tr_nsmltte), power. IIcwsvor, thl# rmqulre_ orientation of the
c_rrler at the tlme of the _o,munlcutlons se,'alon) and it is
achieved by means of deal_n coml)llcatlons in the antenna,
increasing its dl,nennlons an(1 wol_;ht. Mo_'eover, in Incre_-In_1
the antenna gain, the r_dlatlon angle is constricted, which leads
to the necessity for use of compllc_ted _ntenna directln8 devices
and, ultimately, to increase in welg,ht and energy consumed.

Increasln8 the 8a_n of ground _ntennas is achieved by
increasing their effective (and geometrical) area_ and by the
accompanyln_, constriction of the directional pattern. Ulti-

,, mately, this leads to an increase in dimensions, weight and wind
load of the antenna, to incresse in trackin_ drive power and,
as a result, to an increase in cost of antenna equipment.

The maximum achievable receiver noise temperature in use
of quantum mechanical and cooled parametric amplifiers is 8-20°K.
However, allowing for antenna device noise, space noise, etc.,
the actual effective noise temperature of a receiver can reach
70-300OK.

Graphs, illustrating the interconnection between transmis- 2_
signfrequencyband and eo_munications distance, at varlcus radio
transmitter power values, effective antenna area and receiver
sensitivity, are presented in Fig. 5.11a.

The graphs were obtained at effective receivin_ antenna
areas of 35 m2 (curves l, 2, 3) and 200 m2 (curves _, 5, 6).
The noise temperature of the receiving system was 300 K (curves
I, 2, 3) and 70 K (curves _, 5) 6).

Thus, in optimization of space television systems on the
whole, .a reasonable compromise must be found between the require-
ments placed on the communication channel, the tasks of television
transmission and Its actual resources. The problem of matchinE
the signal spectrum with the transmission channel band is solved
in two directions.

i. matehinz the television signal spectrum with the trans-
mission channel band, at a siren power of the latter_

2_2
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.. ,9 2. tlm_ matQh_m_ o_

_- _ J'_a_ , the a_nal with
_' t ! ] the channel.

Padio chgnnel_, prac-
. j..l .J_ _ tloallyl osnnot p_ovld_

_ormus_e_t_ons Distance, contlnuouu oommunic_tloHo
thousand km at any time.

_, For objects in
! ' e_rth orbit, the zone

a of communication with
one rece_.vlng point is

'_, ........ limited b_ the radio
_' horizon and, the possible

'_ communications time_ chan_es from several
minutes to several hours,

_ depending on the altitude
N of the satellite. For

_=_ distant space objects,
'_ * _ communications sessions

are tlme-llmlted b_ the
_' -. rotation of the earth
s and in duration, by the
._.... storage of energy aboard

the spacecraft. Matching
_ the television signal

a spectrum with _he trans-
mission channel band is
most effectivel_ solved

No. of Lines by selection of the
I

Fig. 5.11. Calculated _raphs: 8cannlng parameters,
a) Frequency transmission band vs. providlng the necessar_
communications distance in frequency- signal spectrum. The
modulated channel; b) transmission graph (Fig. 5.11 b)
band Fe vs. number of lines z and gives a visual idea of
frame rate n; G - transmitting antenna the approximate ratio

i gain; q - signal-noise ratio; between the transmissioni m - modulation index; b - coefficient frequency band Fe and
of losses unaccounted for. the scannlnz parameters:

frame rate n and numbgr
of lines per frame z.A

•_ However, freedom of choice of scannln_ parameters frequently
Is limited by the nature of the subjects beln8 transmitted, their

i calculation was performed b_ the formula Fe - 0._
1The nz2.

!
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dynamism, etc. Selection of soannlng parameterm also is limited
by the chara_terlstlo_ of the television c a m e r a tube_.
The ideal tubs for this task Bhould have a short image memory
time: with the po_slbillty of complete readout of an accumulated
relief in one cycle (one frame), over a wide range of readout
rates. Actual tube_ frequently do not meet these requlrements.

In the case when from the conditions of use of a television
system, the problem of matching it to the communications channe?.
is impossible to solve by selection of scannln_ parameters,
intermediate rerecording of the image or signal is used. In
this case, recordln_ of the image (signal) is performed, with
digitization determined by the operating conditions of the tele- /225
vision system, and the transmission is carried out at a rate,
which transforms the signal spectrum to values matching the
channel.

Intermediate image recording without transformation into a
signal can be accomplished on photographic film, electrostatic
film, tubes with tape targets, and by thermoplastic methods.
Intermediate signal recordlng is provided by means cf magnetic
recording, storage tubes and ethers. Phototelevlsion systems
(Luna-3, Zond-3, Luna-12) and systems with intermediate signal
recording on magnetic tape (Kosmos-122) have found practical use.
Systems with intermediate image memory theoretically have high
characteristics: high recording density, the absence of supple-
mentary signal transformations. However, higher reliability of
the magnetic recording system under space conditions and the
simplicity of transformation of the spectra in them, by means
of change in the carrier rate facilitates their prospects.

The necessity for rerecording television data aboard a
satellite also arises in those cases, when, besides transmission
by a narrow-band channel, television information has to be used
in the satellite itself (for purposes of automatic image analysis
or visual observation by the operator). In transmission of a
changing subject, magnetic or electronic rerecording can be used.

In transmission of stationary images, pulse transformation
is possible. In this case, image scanning is performed at the
necessary rate, and signal spectrum compression is provided by
stroblng one element of each llne with a pulse, shifted by one
element in each succeeding frame. Only the first elements of
all the lines will be extracted in the first frame, the second
elements in the second, etc. These short pulses are extended
to the length of a line (while retaining their amplitudes) and,
in this manner, one "slow" frame is formed from n "fast" frames,
with a spectrum n times lees than the initial one.
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Matching television systems with communications channels in'i
time is accomplished, bF means of the systems described above,
with intermediate recording of television data. In the general
case, for time matching, transformation of the signal spectrum
is not required. Sometimes, the short length of a communications
session, besides a time shift in data transmission, requires
rapid dumping of the entire volum_ of recorded data in a limited
time. For example, in the television system of an orbital
meteorological satellite, information storage for a period of an
orbit (1-1.5 hours) should be dumped in the time of communication
with a ground point (5-6 mln). This problem is solved most suc-
cessfully in systems with magnetic recording, by means of spectrum
transformation, providing accelerated transmission with compound
spectrum expansion.

In conclusion, it should be noted that development of quantum /226
electronics, putting the question of use of laser channels for
communications between space objects and the earth on the agenda,
will permit again approaching the problem of coupling television
systems to the communications channels in the very near future,
removes a number of limitations, which apparently will increase
the qualitative characteristics of space television systems and
enlarge the group of problems, which can be solved by it.

_.4. Features of Construction of Space Television Spstem Ground
Station

The purpose of the ground television resources in a space
television system is reception of onboard signals, monitoring
the images and audio received, recording them, transformation
into standard form, transmission over communications lines to
the central television network and, further, with the official
resources of the television broadcasting network, tc the network
of the Soviet Union and to foreign countries. The most specific
llnk in ground television resources is a television receiving
station, directly receiving information from aboard a spacecraft.

A ground station (Fig. 5.12) includes an antenna with
guidance system, radio receiver, device for visual operational
monitoring of signals received, image and audio quality control,
audio extraction, synchronization, image and audio recording
apparatus, system for conversion of signal to standard form, /227
relay llne output devices and a number of auxiliary devices:
monltorlng-test set, voltage regulators, operational photographic
material development unit, official signaling and communications
system, and video output monitors.
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To provld_ station
reli_b_llty, its ba_51c
elements al,eduplicated,

i,.. .'If , and they az'__. Used Ill

D.._.o. _] qomi.unl- operation In the hot

L_ _| ¢iLtioIl_ resorve mode.
r_l [71 [_ .......}llkluo

'IJ _ I._,,i II The _,reat w_lueA_-I " '"' :'I of television :Lnforllla-

"_]n_,',4_..-[_ _'._ ..... tion received fro,,,
LLI t _] space requires reliable

recording of video
information, by means

Fig. 5.12. Structural diagram of of duplicating it,
ground station (second half-set of both by number of
apparatus not shown): 1 - antenna recording channels
with guidance system; 2 - control and by the methods
panel; 3 - radio receiver; 4 - signal used. Television
ampllfier-distributor; 5 - sync set; information is recorded
6 - oscillograph; 7 I video monltcr; on motion picture film,
8 - individual frame photographic by means of motion
recorder; 9 - motion picture recorder; picture recording
l0 - videotape recorder; Ii - audio devices, providing
extraction device; 12 - synchronous frame-by-frame photog-
ma£_netic tape recorder; 13 - video raphy from the picture
signal transformation and regeneration; tube screen. It is
14 - communications line transmitting desirable that recording
apparatus; 15 - station self-testing, be carried out simul-
apparatus, taneously on two motion

picture recorders.
This makes it possible to make both a positive and a negative
record and, moreover, creates a guarantee, in the case of reduc-
tion in quality of one of the films in development. The audio
is recorded on a synchronous magnetic tape recorder.

Television images and audio are recorded, moreover, on a
videotape recorder, which provides the possibility of timely
examination of information, as well as secondary processing,
intended for regeneration of video information, in the presence
of a si_.nal-noise ratio, which is unacceptably low for motion
picture recording. For the purpose of testing the station
during its operation, as well as for pz.oviding,rapid information
on the moat interesting subjects, a photo_-,raphicrecording device
is provided in the station set, which permits selective recording
of individual frames.

As has already been noted, the station set includes apparatus
for transformation of the signals received into a form, correspond-
in_ to GOST 7845-55. The composition and complexity of this
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a_par_tu_ i_ determined by tl_e ext_nt of dlff_rence between the
onboard slgllLll_Zldthe standard one. I1zage rerecordln_: J.snecessary,
with _ dif£eronce betw_,_ the _canniz_l,_ parameters of the Oliboard
t_:levision _pp_lratLl_ and the standard. In _._,eneral form, the task
of conversion 0£ television lma_;es with different scannin_ param-
eters is similar to the task of coupling1:television broadcasfiin__,
systems with different stand.'_rds. Theue problems haw,, been
studied most completely in work [109].

A characteristic of coupling space television symptoms with
the broadcasting network is the considerably greater difference
in time relationships of the initial and resulting imat_;es. Any
ima_e is discrete in time structure, with digitization by
elements, lines and frames, in the general case. The method
and parameters of digitization are determined by the scannin_
parameters and readout method selected. The task of rerecording,
thus, is reduced to replacement of the digitization parameters
of an image received from aboard a space object, by the param- /228
eters of the television broadcasting, standard. Dependln_; on
the conversion method, a slgnal can be converted both directly,
without visualization of the image, and with transition through
a visible image. The final task in both cases is transformation
of an image, described by the function F(x, y, T), which charac-
terizes the brightness distribution with frame time T, into a
new image, which can be described by the function F(x, y, TI) ,
where T1 is the frame time of the television broadcastin_ system.

A converter consists of the source of the initial signal,
a filter-converter, memorizing the signal (image), a device
reading, out the signal (imag,e) in the broadcasting standard
parameters and a system for forming a slgna2 of standard form.
An idealized converter should have a _-shape characteristic,
i.e., applied to image rerecordin_, it should provide uniform
memory of the frame of an image in time T + TI, with complete
(without _'esidual signal) readout in time TI. Actual converters
do not always satisfy this requirement.

Practically, this conversion can be performed in the following
versions.

i. Rerecording of electrical signals in storage tubes
(potentialoscope, grafekon). A large residual signal, requiring
a special target preparation cycle, and unsatisfactory shading
characteristics of such tubes limit their use to the partial
cases of rerecording slightly shaded images in a long frame.

2. Magnetic reresording of electrical signals. Such re-
recordin_ theoretically provides high conversion quality; however,
it requires interlaced scanning,,in the onboard system, which
narrows the possibilities of use of this type of co_verter fc,'
space television purposes.
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3. Ima_;e re_*ecordln_,_, usin_ _ntermediate Dhotographyo
The initial Imat!;o la recorded on photo_w'_phlo, fl],m, width is
develop¢._dphoto_hemically, and the photo_.aphte i,mt,:eobtuln_d
is read out, by moans of _lstandard television channel. Such a
rer_cording system providt:s high Ima|_,equality, but, as a
ten,sequence of tile considerable developlllent riffle, tile f:11ms can
be used only for systems in which the ion__,time of tile initial
frame permlt_ a time shift, detormlnod by tile photot_raphlc film
development period.

4. Imat_o rerecordlng, by means el"an optically coupled
picture tube, on which tileImat!;eis reproduced in the onboard
television system parameters, and a television camera
tube, operating at the standard scanning parameters.

In the lather version, with a long frame time, skiatron
type recelvln_; tubes and tubes with lon_ persistence can be !
used; with a frame time close to standard, picture tubes of
the normal type are used, with increased resolution, increased
briL_htness and a flat screen. In this case, dependin[_ on the
frame rate of the onboard system, picture tube persistence and
readout tube response are selected, which form in combination,
a total conversion characteristic, which is close to _-shaped.
A conversion system has been fabricated in this version, for
broadcastln[_ direct television transmissions from aboard Soviet
spacecraft. With ten-frame rerecordlng, a combination was used,
of a picture tube with willemite lumlnophores, havin[,,persistence
on the order of 1/20 sec, and a LI-408 vldlcon, with somewhat
increased response. 25-fz.ame rerecordln_ was performed by a
combination of a picture tube with ZnOZn lumlnophores and a
LI-409 vldlcon, with decreased response. These combinations
permitted practical elimination of flickerln_, determined by
the reduced frame rate of the initial Ima£_e, with minimum losses
in Ima_e quality. However, quality reduction is inescapable
in any type of conversion, as a consequence of summation of the
distortions, arisln_ in individual links of the circuit. In
essence, a conversion system is a series coupllng of two tele-
vision systems, to one extent or another, with inescapable
superposition of discrete raster structures, and with summa-
tion of the amplitude, frequency and phase distortions.

Standardization of an onboard signal havin_; scanning param-
eters corresponding to GOST 7845-55 and differing only in form
of the complete television signal is provided by a sync mix
regeneration devise. The video signal in a signal received is
separated from the sync packet and audio. The ground sync set
operates in tiledriven mode fz,om the onboard line sync pulses.
The formed standard sync mix, synchronized with the onboard
si_;nal, and the video signal enter an amplifier-regenerator,
at the output of which, a complete television si_nal of standard
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form is formed, F1],ter_ and oorrecters, permittin_,; improve.meat
in video signal quality, are provlded in the t.egeneratlon device.

Cable or radio relay lines of the standard type are used as
communications !ine_ between the ground station and the television
broadcasting network. As a rule, si_,:nalsenter the television
broadoastln_,+network through the television center nearest to
the _,round station and, further, by the intercity broadcastin_
netwoyk, the Moscow television center (MTC). A special apparatus
is provided at the MTC, in which monitoring of imagoes eutering
from all directions, their repeated regeneration, centralized
recordln_ and switching to the output channels are provided.
The signals are supplied to the television broadcasting network
by the Intervlsion and Eurovislon systems, by means of the
official resources of the broadcasting complex, by the usual
system.

5.5. Features of Construction of a Space Color Television System /230

General Information

Wlth the development of space television technology and
expansion of the fields of use of television apparatus in space,

the need has arisen for supplementary information, on the color
of the objects being studied and on the spectral composition of
the radiation of celestial objects.

Solution of the problem has led to creation of a number of
space color television systems (SCTVS), which considerably
increases the amount of information obtainable in carrying out
a variety of investigations and observations in space disclosing
new possibilities, which cannot be achieved by monochromatic
television resources.

SCTVS known at the present time, independently of their
purpose, have a number of characteristic features, which radically
distinguish them from color broadcast systems.

In developing apparatus for television broadcasting systems,
the main attention is given to problems of simplifying the
circuits and construction of the receivers, which must be as

I convenient as possible to control and Imve a cost within reach.

All these requirements are satisfied, mainly by means of
' making the transmittin_ apparatus more complicated, by inereasin_
: the height of transmitting antennas, increasing the power of

television center radio transmitters and incorporating pre-
correction signals in the standard color television signal
radiated into space.
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The pri_iclples used in creatlng iildivldual elements of
SCTVS are diametrically opposed. The principal attention In
development of the equipment of subsystems is given to reduction
in weight, decreasing dimensions and power consumed by tile
entire get of onboard apparatus, including a color televlslou
camera, television signal radio transmitter, transmittin_ antenna
and other auxiliary apparatus.

All elements of this apparatus must be highly-stable and
adaptable to prolonged operation without adjustment and without
an operator, as well as for remote control from earth.

At the same time, the entire set of ground SCTVS apparatus,
including radio receiving devices, signal storage devices, con-
version of s_andards, monitorlng-measuring apparatus and other
equipment, must have the highest parameters, for achievement of
which, considerable complication of any of its links is permissible.

Still another feature of SCTVS is that there are no require-
ments on it for compatibility with monochromatic and color
broadcast television systems, since color image signals in space /231
systems are transmitted by special radio channels.

This circumstance permits use of any method of coding and
modulation and arbitrary choice of the time for transmission of
one frame, in construction of SCTVS apparatus, based on the actual
conditions of operation of the apparatus and the nature of the
subjects transmitted.

Of course, the possibility is not excluded here, in case of
need, of carrying out subsequent processing of signals received
and transformation of them to standard color television signals,
which subsequently may be tr_nsmltted over the broadcastin_ network.

The distinguishing features presented concern directly those
SCTVS, which are used at the present time, or which may be brought
into being in the coming years.

Relay SCTVS have other distinctive features. In such systems,
powerful radio transmitters, installed aboard three satellites,
stationary with respect to the earth, and located at equal dis-
tances apart in synchronous, circular orbits, will send color
television signals to earth, which were transmitted beforehand
from earth to one of the synchronous satellite:_, by a special
radio channel. The signals of the space radio transmitters,
radiating into space at the frequencies of standard television
channels, will be received at practically any point on earth by
regular television receivers.
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It is completely obvious theft this type of SCTVS must fully
_a_Isfy tilerequil,ementL_ fo_,compatibility with the television
brordcastln_; system.

_CTVS can be divided into tlu,ee main _reups, acce:,ding te
the p:,i_clplec of const_'uctlon, methods of shapin_ slgna]c and
the natu_.e of the tacks perfo:,med, The fi,,_t group includes
slow-scan SCTVS, intended for t,_ans,_i_slonf_,om space of color
images of moving objects in a narz'ow frequency b:uld. This may
be an image of the lunar landscape, the surface of the ca_.th o_,
of other planets, transmitted from orbital satellites or space-
craft. Slo,-soan SCTVS also are used in satellite meteorolosy,

_'ii_ in study of the cloud covel, of the earth, determination of its
altitude and tracking its movement. The second group of SCTVS in-
cludes phototelevlsion syste,ns, making it possible to conduct
detailed studies and ,iLappingof the surface of the earth from
aboard orbital satellites.

SCTVS. by means of which color images of moving objects
and rapidly changing subjects are transmitted from space,
should be segregated into a separate, thil.d group. The
necessity for use of such systems arises in these cases, when, /232
fox'example, the dynamics of movement of an astronaut, reporting
on changes in the lunar landscape durlns ,novements of the Lun_khod
or the start of a lunar module from the surface of the moon is
required.

Slow-Scan SCTVS and Their Use

In designing slow-scan SCTVS, the communications channel
frequency band is the decisive factor.

Rigid limitations, with respect to dimensions, mass and
power consumption by onboard apparatus decreases the possibilities
of construction of sufficiently effective radio transmitters in
space and, thereby, the building of wide-band, Interference-free
space communications channels is hampered. The slow-scan method
permits a large volume of information to be transmitted over a

I_ narrow-band conmmnications channel. The simplest color television
systems made by this method are based on sequential transmission

i_ of the signals of alternating frames of color-indexed images.
In such systems, the visible spectrum of light radiation usually

i is divided into three separate sections, and the signals of the
red, green and blue color-indexed images are transmitted

_ sequentially, striving for colorimetrlc similarity of the rep,,o-
ii dueed image.

In some varieties of Slow-scan color television systems,
having the name "spectrezonal systems," the task is to detect
details of the object being investigated, in the greatest
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pooslblo detail and clarity. At the same time, a natural repro-
, duction of colored surfaces In their natural oolors is not

necessary in these systems. Therefore, in "spsetrozonal sys-
tems," in diatinotlon from color systems for other purposes,
tl,elight spectrum, usually going beyond the limits of the
visible spectrum, in the direction of infrared radiation, i_
separated into a large number of narrow spectral zones. Cor-
respondlngly, the number of alternating color frames and the
number of color-lndexed images transmitted increases.

For reproduotlon of color images transmitted, the slgnals
of the sequential color-index frames are recorded on disk video
recorders, after which, simultaneously, the recorded signals
are read out at the required rate and they are examined on the
screen of a color video monitor. If detailed and prolonged
analysis of color photos transmitted and duplication of them
is required, the signals of the color Images, transmitted at
half-frame (field) frequencies, are recorded on black-whlte
photographic film at the receiving point and multicolor prints
are then produced on paper, by the polarographlc printing method
or by the color photography method.

Slow-scan SCTVS was first used on 7 June 1967, for trans-
mission from space of a color image of the earth, from an
altitude of 30,000 km. The color television apparatus used in
this case, made according to the principle of sequential trans- /233
mission of color-lndexed images, was installed aboard the
Molniya-I orbital earth satellite. This installation included
two television cameras (see Section 4.4), with vidlcon type
tubes. The cameras, designed for operation under the conditions
of open space, were mounted in hermetically sealed containers
and installed in a device, providing for pointing them at the
required section of the earth. A rotating disk with three light
filters, red, blue and green, was installed in front of the
camera lens, the positions of which were changed by command
from the earth. Exchange of all three color filters was accomp-
lished in a time, during which the position of the viewfinder
axis was practically unchanged, with respect to the earth. In
carrying out the experiment described, synthesis of the color
image was accomplished from the three color-lndexed images,
recorded on photographle film, by the polarographic printing
method Ill0].

Somewhat later, in November 1967, color images of the earth
also were obtained, by means of an apparatus operating according
to the principle of sequential transmission of color-lndex
frames, Installed aboard the American ATS-3 stationary earth
satellite.
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Earth im_e scannlnE in this apparatus was carried out in
the dlrectlon o_ the _rame, because of the rot_tlon of the _atel-

" llte (100 rpm) and, in tile direction of the lines, by means o_'a
screw mechanlam, operating from signals of a solar sensor. In
this case, each turn of the screw corresponded to scannln_ oz_e
llne of the image.

Sequential transmleslon of the color frames was carried out
through blue, green and red color filters.

The apparatus descrll c,.made it possible to obtain l_i_h-
quality color photos of 'he _loud cover of the earth, whlcn
confirmed the extensive capabilities of SCTVS, from the point
of view of their use in satellite meteorology, for the purposes
of compiling long-range weather forecasts [i03].

Sequential transmission of color frames was also used in
the flight of the American Surveyor spacecraft, to obtain color
imaKes of the surface of the moon. Two spaced color television
cameras were installed in the lunar module of this spacecraft,
which made a soft lending on the surface of the moon; by means
of them, stereoscopic color images of the lunar landscape were
transmitted to the earth.

The two cameras transmitted images with different scanning
_arameters: in use of the narrow-beam transmitting antenna,
O0 lines per frame per second and, with omnidirectional radia-

tion, 200 lines and a frame per 20 seconds. A disk wlth four
light filters, red, green, blue and transparent, was mounted
ahead of the camera lens. Selection of the scanning parameters
and control of the light filter positions was executed, by /23_.
command transmitted from the ground flight control point.

Color images were obtained on the earth, by means of sequen-
tial recording of the color-indexed images on photographic film
and their subsequent blending by color photography [104].

Further improvement in the equipment of slow-scan SCTVS
was produced in the set of onboard apparatus of the Marlner-7
spacecraft, which transmitted color images of the surface of Mars
from Mars orbit to the earth, with a deflnltlon of 704 lines.

The equipment used in obta±nlng color television images of
Mars contained two vldlcon cameras, operatin_ alternately.
The cameras had lenses wlth different fields of view, and they
operated with different sets of interchangeable light filters.
The entire image signal shaping cycle of one frame of the color
image took 42.24 sac. The information obtaired was recorded in
a magnetic memory in digital form, and it was transmitted to
the earth over a channel with a narrow frequency band [i05_,
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A _Imllar_ _omewhat il_Lprov_d_pp_ratu_ w_ _ucces_£ully u_e_
in 1971, during tlm Mars flyaround 02 the Marlner-9 spacecraft.

Phototele¥ision SCTVS

In those cases when the surfaae of the moon, earth or
other planet must be utudled in detail and an idea of th_ rela-
tlve locations, conflguratlon_ and _pectral charact_rlet_cc
of different small formations and objects Is obtaln_d, there
must be SCTVS with high resolution, operatin_ with a chan_e in
time scale.

The task may prove to be still more complicated, 1# the
object of study turns out to be a moving object.

The solution of the problem is to use phototelevislon
SCTVS, In which the image of the terrain being studied Is
registered on the llght-sensltive surface of a color photographic
fllm in a brief exposure or, in repeated exposure through
appropriate color filters on the surface of black-white photo-
graphic film. After appropriate proc_sslng, the developed
image is scanned in a high-resolution readout device, operating
by the traveling beam method, and simultaneous or sequential
signals of color-indexed images are formed, which are trans-
mitted to the earth over a narrow-bane channel.

Operating on this principle, a phototelevision apparatus
with high resolution, achieved as a result of scanning color /235
photographic film with a laser beam, i_ used at the present time
in the American satellite color televi_ion systems fill].

Multl-Frame SCTVS

The principal condition which must be satisfied by visual
SCTVS, intended for transmission of color images of rapidly
changing subjects from space, is that the color-lndexed frame
sequence frequency in them must exceed a critical frequency, at
which smoothness of the transmitted movement is achieved.

The equipment of an onboard set of this equipment must
be, not only light, compact and economical, but adaptable for
operation under conditions of high vacuum and broad temperature
Jumps, high accelerations and vibration, and an unattended
mode of operation and the possibility of remote control must
be provided for in them.

Besides what has been said, it must also be considered that
the onboard color television camera should have nonuniform
parameters, under different operating conditions. Since the
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cameras, by mean_ of whloh a color Imaze of astronauts _nslde
the cabin of an orbital satellite will be transmitted to e_rth,
Will have to operate under limited illumination,
they should have hifih eensltlvity, Output signals of such
camera will be transmitted a comparatively short distance and,
correspondingly, the radio channel ucsd for this purpose can be
made with a quite wide frequency b_nd, comparable to the band
of a standard television broadcasting channel, with modern
technological resources. At the came time, a remote space camera,
planned for trancmlsslon of color Ima_e_ from the surface of th_
moor,, will operate under intense sunlight during the "lunar day."

Because of the small dimensions, weight and power consump-
tion of tl_e lunar _pacecraft and its sisnificant distance from
the earth, under insufficiently favorable conditions (imprecise
orientation of the antenna and hlgh interference level), the
radio channel fz.e(luensyband should not exceed 2-2.5 MHz. Thus,
the task of obtalning color images of rapidly changing subjects
from space is solved, either by means of creation of a single,
8eneral-purpose, onboard color camera, adapted for operation
under the most dive_se conditions, or by means of two cameras
which differ from each other, each of which is intended for
fully specified tacks.

Proceeding to reporting on promising methods of construction
of onboard color televlcion cameras, we should dwell, first of
all, on the possibility of use in these cameras of the basic
principles, on which broadcast and applied color television
cameras are based.

In color television broadcasting, three-tube cameras are /236
practically universally used at the present time, one of which
is used to obtain a broad-band brightness signal and, by means

:_ of the other two, narrow-band color-index signals are formed.

In recent years, new, 1-inch, plumbicon camera tubes have
appeared, which has permitted creation of a simplified three-
tube color camera, of negligible dimensions and low weiEht [i12],

However, three-tube color cameras are proving, to be sensi-
tive to temperature chan6es, and there has been no success in
simultaneously obtaining all the high parameters which a color
television camera intended for operations under space conditions
must satisfy.

For reporting purposes and for operation in applied tele-
vision installations, simplified color television cameras, made
of one camera tube, operating in combination with a lined,
color-dividing filter, are used.
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Such c_mor_, whloll dlf_or from normRl black-whlte television
c_mera_ by the pre_ence o_ _ lln_ light fllterj can be ma_e
very compact and light and, grom _hla point of view) they 0an
be considered to be promisln_ for operations in npace. Let us
examine the question of the po_sibillty of u_e of the_e camera_
in greater detail.

Two type_ el'oingle-
tube cameras with Zined

. _, light filters have already

i the method or
separation of color-index
signals is used. In this
camera, a lined light filter,
made of vertical, alternating
red, blue, green and opaque
bands, is installed in
front of the llght-sensitive

.................. surface of the camera tube
(Fig.5.13).

Fig. 5.13. Structure of lined £n scanning of the
light filter of color television potential relief at the
camera with time scanning of output of the camera tube
signals, of the camera being con-

sidered, a complex video
signal appears, formed by

triads of alternating pulsed signals of the three color-indexed
images, separated by index signals, the level of which is
constant and equal to the black level.

These index signals are extracted by the amplitude selection
method, are passed through the corresponding delay lines and are
used for alternate trlg_erlng of three gated amplifier cascades, /237
forming video signals of the three color-indexed images (Fig.
5.14).

Practical achievement of a color camera wlth time scanning
of color-lndex signals ir.,ivea a number of difficulties and
limitations.

We will not dwell on those of them, which are connected to
the technology of manufacture of the multicolor lined filter,
camera tube operation and color-index signal separation devices,
since all of these problems can be solved, by one method or
another. We consider only those deficiencies, on which the
possibility of using single-tube color cameras with time scanning
of signals aboard a spacecraft depends.
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_sncy One o_ the prlncl-
0 b re_olutlonj £J.xeO. by the

...... number ot
oolor strlp_ of the lig, ht

x .-T----m filter, which _ure_o_
in the _ctiv_ section of

the llne. We desi_n_to

thu length of the
operatlng _ectlon of
the [.hotoconductlng
layer of the camera tube

' by i_, the width of one
FiE. 5.14. Simplified structural stri_ of the lined color i
diagram of SCTVS 8round equipment, filter by AI, the gap i
uslnE color television camera with between strips by a 1
time scanning of slgnals. (l_i_.5.13) a_d the

number of color strips
in one _roup of them

by n, and we determine the horizontal resolution of a sln_le-
tube color camera, with frequency scanning of slgnale, by the
formula

td, (5.1)

If it As considered that, practically, a color filter strip
width A1 less than 20 _ cannot be obtained, that the gap between
strips must be on the order of 5 _ and that, for a regular l-lnch
camera tube i_ _ 12.6 mm, for the case being considered, we
obtain (n - _ V • 126 elements per line.

For the purpose of Increasing resolution of a slnEle-tube /238
color camera, with time scanning of signals, a special camera
tube of the "trinlkon" type was developed in Japan_ At forms

_ index siEnals by purely electronic methods, without index strips
in the lined light filter [113], Owlng to this innovation, as
well as because of the fact that the length of the operatlnE
section of the photoconductin_ layer in the new tube is increased
to 14 mm, the horizontal definition of the camera has been
increased to 200 elements, which, of course, ie insufficient for
the ma_orlty of problem_ to be solved An space.

i Another signiflcant deficiency of the color camera version

beln_ considered is that, in it, all information on the color of
the Image is tran_mltted by means of short pulses, the number
of which Is four times Ereater than the number of elements
resolvable during the time for soannln_ one line.

I
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i At those values, of which we spoke above, the video signal
frequency band at the camera output exceeds _ MHz. Correspondingly,
a wlde-band _adlo channel le required for transmission of these
signals.

It should also be noted tl_at, for a color television camera
with frequency scanning, made of one camera tube, high sensl-
tlvlty cannot be provided. This is mainly connected with tl_e
fact that only one fourth of the light flux reflected from the
object being transmitted will be used for formation of color-
indexed image signals in it. Moreover, because of the fine
structure of the lined light filter, the camera tube will operate
on a drop in the aperture characteristic, in that section of it,
in which the intensity modulation will be 30-405, in the best case.

As is evident from what has been said, a slngle-tube color
televxslon camera with time scanning of the color-lndex signals,
from the point of view of its use aboard a spacecraft, cannot be
considered to be promising.

In color reporting
units, in applied tale-

Transparent vision and in recording
substrate j 81ue strips color images on everyday

.-' ' _ ' videotape recorders, single-

_ /Z _ tube color television
scanning of the color-index
signals are the most widely

Ye11_ strlps used. In these cameras,
two-layer, flne-structured,
lined light-divider light

Fig. 5.15. Structure of lined filters are installed in
light filter of color television front of the light-sensltive
camera with frequency scanning, surface of the camera tube,

in the path of the light
,, beams. The first layer of

this light filter is formed by alternating vertical yellow and /239
transparent strips of equal width, produced on a transparent
substrata, by photoetchlng of the corresponding dlchroic coating.

' In _he second layer, the alternating blue and transparent strips
are wiler than in the first layer (Fig. 5.15).

_ The two-layer, lined light filter produced in this manner
,_' is transparent to green rays./

The red rays pass only through the transparent strips of
the first layer. The blue ones can pass through the transparent
strips of the second layer without hindrance.
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A_ _ result of uue of the light filter described above,
a complex signal will be obtained at the camera tube output,
which can be represented by the followinz expression:

I_u_ (I..q.: O,_Hr 'i" 0,5E.)'10,51_eos%,l "1 0,_I_ll¢._ml, l. ( _. 2 )

The low-frequency components of the red (ER), _;reen (Es) and
blue (EB) light-indexed Ima5es are included in the flr_t term
of this expression, and it can be extracted from the complete
signal, by means of a low-frequency f_Iter. The second and
third terms of expression (5.2) are the hi_h-frequency com-
ponents, the amplltude-modulated signals of the red and blue
color-lndexed images, and they can be extracted, by means of
band filters (Fig. 5.16). After this, by means of amplitude
detectors and a simple matrix scheme, it is quite simple to
obtain the required video signals of the three color-indexed
images from the resulting signals, and to use them for forming
a standard color television broadcasting system signal (Fig. 5.17).

In the slngle-tube
camera version with

__ frequency separation of

signals, the resolution
C.._._._-. depends directly on the

structure of the lined
light filter, which

.... determines the values
% of the modulated sub-

carrier frequencies.
Fig. _.16. Frequency characteristics
of filters used for extraction of Each of the two
components of signal of color tele- eubcarrier frequencies
vision camera with frequency scanning. (fsR and feB) can be

calculated-Sy using
the expression

where 16 is the length of the working section of the camera
tube ph6tcconducting layer; A1 is the width of one strip of the
lined light filter; Fllne is the llne scanning frequency; and
_r is the duration uf the return motion in percent. Assuming,
as in the preceding version of the camera with signal time

division, the minimum achievable width of a light filter strip /24____O0
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I l

-7--[ tlxe va!uo of the hlt, ih¢_r

illlaE',e j with a fro¢.luonQ,_

f_d._ " 5.1 MIIv+. With this

____ wtlue of fsB, the dell-

.... niti_n of the color
ima+,',e,depending on the
+,',J,'e+nimav:e ai+,:nalt'rc-
quency band l",t]jwill

s , col'respond npproxi.la_elyi,'i+;. 5.a,7. , Implil:ted t trtlatUi' %l
• 9,1b_.dial;ram of SCTVS P:round equipment, to 2 8 MIIz (l_'IC.. + '_

in tho case of use of televi_lon
camera with time divlt_:lou. The t_nalysls carried

out SHOWS th[it a slrl_'_le-
tube camera with color'-

index sit;aal frequency st:p_rtxtlon is distlnzuished advanta_.eously
from a camera with time division,

In a calnel,awi_h frequency separatlon,ln pal.glcular, it is
easier to fabl'icate the lined lizht filter' and considerably simpler
to _'_oparate tllecolor-indexed imav;e si_.,nals. This camera,
moreover, has a hiKhel' resolution, and it carlhave hitcher serlsl-
tlvlty.

However, the color information lu this camera Is located iu
tllerel';Ionof the hick,heat frequencies of tllevideo arsenal spectrum,
and a wide-band radio channel is necessai_y for transmission of
the si_)_nals. This ciPcull)stancesi£,.nlflcantlyreduces the possi-
billtles of use of a _olor oalzter:lwith aiznal frequency separc_tlon
in 8C'i'VS.

In a number oi'vepoPtint,;and other simplified coloz, television
cameras, field-sequential color'-indexed ima_e si6nals are formed
at tileoutput, with their subsequent conve;,sion into sitttultaneou_
siznals.

'l'heprlnoiple of operation of this type of Oalllerais based
on reduction ill tlle excess Infoz,mation oontaint_.d ill a standal, d

color ilnaKe si_lna]., Practically, this is l'edtlcedto decreasing!;
the color'-indexed illlaL',',estransl|tlttedpel, ulxit tillieto such a
number of them_ that smoothness of motion still is preserved.
It ia quite simple to make a sequential color television camera,
by installin_ a votatint_ li_:ht filter, composed of alternatint_;
sectors of z'ed, _;reen snd blue colo,,s, in front of the li_,;ht-
sensitive surface of the Cal,el'at_be. In this case, if tile _Lll
speed of this light filter is selected in such a manner that,
after scannln_ of each field of a trans,titted image, one of the
color sectors of the li_,ht filter is .t,eplac '_by another, one,
color-lndexed ._mat';esignals will be obtaineu at tilecamera output,
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alt_,zlatlng th_,ou_,:lltlme Inteyvals equal to tile _c:_nnlnt,;perlod
of the, two field:_ of the _,aster.

Ill of'dot to eliminate flickerin_ in thi_ n|ethod of color-
index Imai_e signal fog, Ira%rich, the slt'_nals of the filtered fields
Im.lSt be replaced by the sit_nals of the precedlnd field, delayed
by appt.oprlate intervals of time, by ,loans of a memo_'y.

The method described of constructin/_ slnt_le-tube color
cameras permits a number of significant advantat_es to be obtained,
which is especially important in use of such cameras in SCTVS.

The principal virtue of sequential cameras is that normal
color-lndex image video signals can be obtained at their outputs.
These signals can be transmitted over space radio channels with
narrow transmission bands, since the limitation on their frequency
spectrum will affect only the definit _n of the color image, and
it will not reflect at all on the corr_._ness of the color trans-
mission.

An important virtue of the method of sequential transmission
of color-lndex image signals also is the simplicity of accomplish-
ing color corl'ectlon of the color images transmitted, which is
difficult to achieve in single-tube cameras with lined light
filters. Single-tube cameras with sequential replacement of
colors by fields are easy to bring into being, from the design
and technlcologlcal viewpoints, and they can be made general-
purpose, i.e., adaptable to solution of the most diverse problems
under the conditions of space.

These advantages were put into practice in the space color
television camera of the Westinghouse Company, which was used
in executing th_ program of the American Apollo-10 manned space-
craft, which accomplished a soft landing on the surface of the moon.

In this camera, based on sequential forming of color-indexed
image signals, the frequency of exchange of color filters was
adopted as equal to the field frequency (60 Hz). In this case,
ten complete color frames were transmitted per second. The
images of the subjects transmitted were projected on the light-
sensitive surface of the camera tube through a rotating li[_ht
filter, made of alternating red, blue and green sectors. The
sequential signals obtained at the camera output were transmitted
to earth, by means of _ 20 W radio transmitter, ever a channel
with a transmission band of 2 MHz (Fig. 5.18).

I The simple-desi_n, small-size onboard color camera of the /242
Westinghouse Company had a total weight of 6.5 k__,(Fig. 5.1!)). --
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Zoomar lens Camera Cube The Apollo-10 space-

'_ high sensitivity, and it
could operate with a

' '_: _-:'-: r photoconducting layer

Light' l_ illumination of 0.01 lux,
Filterdi_k providin_ a signal-noise

ratio on the order of
35 dB. Such high param-
eters were achieved, as a

Fig. 5.18. Simplified structural result of use of a special,
diagram of onboard camera of perslstence-free "secon"
Apollo-1O spacecraft, type (SEC-vidicon) camera

tube, adapted for opera-
tion under conditions of

_,,:_:_,_..... _.._ a wide temperature and
__ _ __'i ,,_/!'_!J__ illumination Jump.

_L L •

_ .:_ V.:,._,,_._ signals of the color-indexed
_'.. ,__,' _'_,I images received by the
__. ,_'I "i: ground stations passed
_--' ___i_ through ,.nautomatic cor-_':,_i" .._'
_:'._;___,_ rector of time errors,
_'.'_* " _ caused by the Doppler

i_,_ ' . -----_,.- effect. After this, the
.'_n_::_'_.'_:<,... ." signals were supplied to a

standard converter, made
lh the form of a six-

Fig. 5.19. External appearance chahnel videotape recorder,
of Westinghouse Company color one revolution of the disk
television camera, of which corresponded to

the transmission time of
one field. In this device,

the signals of each color-lndex image, following one after the
other, were recorded in two of the six channels of the disk.
After recording over an interval of time equal t:, _:helength ,,f
one field, the recorded signals were read out three times.
Following this, the recorded information was erased, and the
entire cycle of recording, readout and erasure began again. In
this sequence of recording and readout, simultaneous signals
of the three color-lndex images were obtained at the videotape
recorder outputs. These sit;nals were supplied to the input of
the NTSC color television broadcasting system coder (Fig. 5.20).

The sequential color television camera discussed above was
used in the moon flights of the Apollo-ll, Apollo-12 and Apollo-l_
spacecraft [ii_].
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i

_-_hisk NTSC_ IV do- ko o,do ,

tton ^ppar.cusSy,s¢om_D_mp/J_r.___JaJJtfx
ronization Pulses _T,_,_f1iz

Fig. 5.20. Simplified s_ructural diagram of ground
equipment used in processing color signals transmitted
from Apollo-lO _pacecraft.

Subsequently, the RCA Company developed a more compact
television camera, weighing 4.5 kg, in which a sensitive camera
tube was used, with a "kremnikon" (SIT-vidicon) type silicon
diode target, resistant to the action of direct sunlight Ell4].

The new version of onboard color camera was used in the
flights of the Apollo-15 and Apollo-16 spacecraft, for trans-
mission of color images from the command and lunar modules
and from the surface of the moon.
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